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vi  PREFAUB. 

sarily  presupposed.  The  object  aimed  at  has  been  to  lay 
a  broad  foundation  for  further  study  rather  than  to  at- 
tempt the  detailed  presentation  of  any  special  branch. 

As  some  students,  especially  in  seminaries,  may  not  de- 
sire so  extended  a  knowledge  of  the  subject  as  that  em- 
braced in  the  course  in  large  type,  the  following  hints  are 
added  for  their  benefit :  Cliapter  I. ,  on  the  relation  of  the 
earth  to  the  heavens,  Chapter  III.,  on  the  motion  of  the 
earth,  and  the  chapter  on  Chronology  should,  so  far  as  pos- 
sible, be  mastered  by  all.  The  remaining  parts  of  the  course 
may  be  left  to  the  selection  of  the  teacher  or  student. 
Most  persons  will  desire  to  know  something  of  the  tele- 
scope (Chapter  II.),  of  the  arrangement  of  the  solar  system 
(Chapter  IV. ,  §§  1-2,  and  Part  1 1. ,  Chapter  II.),  of  eclipses, 
of  the  phases  of  tlio  moon,  of  tlic  physical  constitution  of 
the  sun  (Part  II.,  Chapter  II.),  and  of  the  constellations 
(Part  III.,  Chapter  I.).  It  is  to  be  expected  that  all  will 
be  interested  in  the  subjects  of  the  planets,  comets,  and 
meteors,  treated  in  Part  II.,  the  study  of  which  involves 
no  difficulty. 

An  acknowledgment  is  due  to  the  managers  of  the 
Clarendon  Press,  Oxford,  who  have  allowed  the  use  of  a 
immber  of  electrotypes  from  Chambers's  Descriptive 
Astronomy.  Messrs.  Fauth  «fe  Co.,  instrument-makers,  of 
Washington,  have  also  lent  electrotj-pes  of  instruments, 
and  a  few  electrotypes  have  been  kindly  furnished  by  the 
editors  of  the  American  Journal  of  Science  and  of  the 
Popular  Science  Monthly.  The  greater  part  of  the  illus- 
trations have,  however,  been  prepared  expressly  for  the 
work. 
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ASTRONOMY. 


INTRODUCTION. 

AsTBONOMT  {aarrfp — a  star,  and  vd^oi — a  law)  is  the 
science  which  hiis  to  do  with  tiie  lieaveuly  lM>die8,  their 
appear.uicc'S,  their  nature,  and  the  laws  governing  their 
real  and  their  apparent  motions. 

In  approaching  the  8tu<ly  of  this,  the  most  ancient  of  tho 
sciences  depending  upon  observation,  it  must  be  borne  in 
mind  that  its  progress  is  most  intimately  connected  with 
that,  of  the  race,  it  having  always  been  the  b;i8ia  of  geog- 
raphy and  navigation,  and  the  soul  of  chronology.  Some 
of  the  chief  advances  and  discoveries  m  abstract  mathe- 
matics have  been  made  in  its  service,  and  the  methods 
both  of  observation  and  analysis  once  peculiar  to  its  prac- 
tice now  furnish  the  firm  bases  upon  which  rest  that  great 
group  of  exact  sciences  which  we  call  physics. 

It  is  more  important  to  the  student  that  he  should  be- 
come penetrated  with  the  spirit  of  the  methods  of  astron- 
omy than  that  he  shoidd  recollect  its  niiimtiaj,  and  it  is 
most  important  tliat  tho  knowledge  which  he  may  gain 
from  this  or  other  books  should  be  referred  by  him  to  its 
true  sources.     For  example,  it  will  often  be  necessary  to 

L<ak  of  certain  planes  or  circles,  the  ecliptic,  the  eqtia- 
Br,  the  meridian,  etc.,  and  of  the  relation  of  the  appa- 
rent positions  of  stars  and  planets  to  them  ;  but  his  labor 
will  be  useless  if  it  has  not  succeeded  in  giving  him  a 
precise  notion  of  these  circles  and  planes  as  they  exist  in 
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the  sky,  and  not  merely  in  the  fignres  of  his  text-book. 
Above  all,  tlie  study  of  this  science,  in  which  not  a  single 
step  could  have  been  taken  without  careful  and  painstak- 
ing observation  of  the  heavens,  should  lead  its  student 
himself  to  attentively  regard  the  phenomena  daily  and 
hourl}'  presented  to  him  by  the  heavens. 

Does  the  sun  set  daily  in  the  same  point  of  the  hori- 
zon ?  Does  a  change  of  his  own  station  affect  this  and 
other  aspects  of  the  sky  ?  At  what  time  does  the  full 
moon  rise  ?  Which  way  are  the  horns  of  the  young 
moon  pointed  ?  TIicsc  and  a  thousand  other  questions 
are  already  answered  by  the  observant  eyes  of  the  an- 
cients, who  discovered  not  only  the  existence,  but  the 
motions,  of  the  various  planets,  and  gave  special  names  to 
no  less  than  fourscore  stars.  The  modem  pupil  is  more 
richly  equipped  for  observation  than  the  ancient  philoso- 
pher. If  one  could  have  put  a  mere  opera-glass  in  the 
hands  of  IIipparchus  the  world  need  not  have  waited  two 
thousand  years  to  know  the  nature  of  that  early  mystery, 
the  Milky  Way,  nor  would  it  have  required  a  Galileo  to 
discover  the  phases  of  Vemts  and  the  spots  on  the  sun. 

From  the  earliest  times  the  science  has  steadily  progreas- 
ed  by  means  of  faithful  observation  and  sound  reasoning 
upon  the  data  which  observation  gives.  The  advances  in 
our  special  knowledge  of  this  science  have  made  it  con- 
venient to  regard  it  as  divided  into  certain  portions,  which 
it  is  often  convenient  to  consider  separately,  although  the 
boundaries  cannot  be  precisely  fixed. 

Spherical  and  Practical  Astronomy. — First  in  logical 
order  we  have  the  instruments  and  methods  by  which  the 
positions  of  the  heavenly  bodies  are  determined  from  obser- 
vation, and  by  which  geographical  positions  are  also  fixed. 
The  branch  which  treats  of  these  is  called  spherical  and 
practical  astronomy.  Spherical  astronomy  provides  the 
mathematical  theory,  and  practical  astronomy  (which  is 
almost  as  much  an  art  as  a  science)  treats  of  the  applica- 
tion of  this  theory. 
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Owing  to  tbe  frequeocr  with  whidu  we  bare  to 
terms  expreeeing  angular  measure,  or  refening  to 
on  a  sphere,  it  may  be  admisaUe,  at  die  oatset,  to  g^re 
an  idea  of  these  terms,  and  to  recaphaiate  aome  prop- 
erties of  the  sphere. 

Angular  Measures. — The  unit  of  angular  ?n^  wiim  meat 
used  for  c-otisiJerable  angles,  is  tbe  d^ree,  3l>>  of  wUdi 
extend  round  the  circle.  The  reader  knows  that  it  is  90' 
from  tJie  horizon  to  the  zenith,  and  that  two  objects  180** 
apart  are  diametrically  oppueite.     An  idea  of  distances  at 
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a  few  degrees  may  be  obtained  by  looking  at  the  two  stare 
which  form  the  pointere  in  the  constellation  Ursa  Major 
(the  Dipper),  soon  to  be  described.  These  stare  are  5° 
apart.  The  angular  diametera  of  the  sun  and  moon  are 
each  a  little  more  than  half  a  degree,  or  30'. 

An  object  subtending  an  angle  of  only  one  nainute  ap- 
pears as  a  point  rather  than  a  disk,  but  is  still  plainly  vis- 
ible to  the  ordinary  eye.  Hklmholtz  finds  that  if  two 
minute  points  are  nearer  together  than  about  1'  12',  no 
eye  can  any  longer  distinguish  them  as  two.  If  the  ob- 
jects are  not  plainly  visible — if  they  are  small  stare,  for 
instance,  they  may  have  to  be  separated  3',  5',  or  even 
10',  to  be  seen  as  separate  objects.  Kear  the  star  a  Lyrm 
arc  a  pair  of  stars  3J'  apart,  wliicli  can  be  separated  only 
by  very  good  eyes. 

If  the  object  be  not  a  point,  but  a  long  line,  it  may  be 
Been  by  a  good  eye  when  it«  breadth  subtends  an  angle  of 
only  a  fraction  of  a  minute  ;  the  limit  probably  ranges 
from  10'  to  15'. 

If  the  object  be  m\ich  brighter  than  the  background  on 
which  it  is  seen,  there  is  no  limit  below  which  it  is  neces- 
sarily invisible.  Its  \nsibiHty  then  depends  solely  on  the 
quantity  of  light  which  it  sends  to  the  eye.  It  is  not 
likely  that  the  brightest  stare  subtend  an  angle  of  -j^  of 
a  second. 

So  long  as  the  angle  subtended  by  an  object  is  small,  we 
may  regard  it  as  varying  directly  as  the  linear  magnitude 
of  the  body,  and  inversely  as  its  distance  from  the  ob- 
server. A  line  seen  perpendicularly  subtends  an  angle 
of  1°  when  it  is  a  little  less  than  60  times  its  length  dis- 
tant from  the  observer  (more  exactly  when  it  is  57- 3 
lengths  distant) ;  an  angle  of  1'  when  it  is  3438  lengthB 
distant,  and  of  1'  when  it  is  206265  lengths  distant. 
These  numbera  are  obtained  by  dividing  the  number  of 
degrees,  minutes,  and  seconds,  respectively,  in  the  dr- 
cnmference,  by  2  X  3-14159265,  the  ratio  of  the  circnm- 
ference  of  a  circle  to  the  radius. 


PLANES  AND   CIRCLES  OF  A    SPHERE.  5 

Planes  and  Circles  of  a  Sphere. — Let  Fig.  1  represent 
the  oatline  of  a  sphere,  of  whicli  O  is  the  centre.  Imagine 
a  plane  A  B  X.o  pass  through  the  centre  O  and  cut  the 
sphere.  This  plaue  will  divide  the  sphere  iuto  two  ctiual 
parts  CHlIe<i  hemispherea.  It  will  intersect  the  sphere  in 
a  circle  A  E  B  F,  called  a  great  circle  of  the  sphere. 


FlO.  1.— BECTIONB   OF   A    SPHERE   BT   FLANE8 

Through  0  let  a  straight  line  P  0  P'  he  passed  per- 
pendicular to  the  plane.  The  points  P  and  P.,  in  which 
it  intersects  the  surface  of  tlie  sphere,  are  everywhere  90° 
from  the  circle  A  E  B  F,  They  are  called  poUa  of  that 
circle. 

Imagine  another  plane  C  E  D  F,  to  cut  the  sphere  in  a 
great  circle.     Its  poles  will  be  Q  and  Q'. 

The  following  relations  between  the  angles  made  by  the 
tigures  will  then  hold  : 

I.  The  angle  P  Q  between  tAepdee  will  be  equal  to  the 
ineliTMtion  of  the  planes  to  each  other. 

II.  The  arc  B  D,  which  mecuuree  the  greateet  distance 
between  the  two  great  circles,  will  be  equal  to  this  same 
inclination. 

III.  The  points  E  and  F,  in  which  the  two  great  circles 
intersect  each  otfuir,  are  the  poles  of  the  great  circle  P  Q  A 
CP'  Q'B  D,  whichpasa  through  thepoles  of  the  first  oiroU, 
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SIORS  OF  THK  PLAMETS,  ETC. 


e  The  Snn. 

•  The  Mood. 

B  Mercury. 

8  Venus. 

®  or  3  The  Earth. 


S  Mara. 

V  Jupiter. 

^  Saturn. 

§  Uranos. 

y  Keptune. 


The  asteroids  aredistlngnished  by  a  circle  inclosinf;  a  number,  whUh 
number  indicates  the  order  of  discovery,  or  by  their  names,  or  by  both. 


BIOHS  OF  THE  ZODIAC. 


rigns. 


(1.  V 
is.  n 


Aries. 
Taurus. 
_  Gemini. 

Summer  (*•  f,^'*"**'- 
riima    1 8.  Jl  Leo. 
*^    (  6.  m  Virgo. 


Autumn 
signi 


mn  <   ^-  -^ 

Winter  ^  J"-  «  ^'apricom, 
.!.».  •(  !!•  ~  Aquarius. 
"'«"••    (l2.  X  Pisces. 


A  Libra, 
iq,  SoorpiuB. 

Sagittarius. 
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i  Conjanction,  or  having  the  same  longitude  or  right  laoenrioa. 
□  Quadrature,  or  differing  90°  in  u  h  .. 

t  Oppodtion,  or  differing  180' la  •  «  •• 


7    ^m 

^^^^^^^^^^^^^^^V      m               ■      BIBB         ^^^^^^^B 

^^^H                    A8TR0N0MIVAL  SFMBOLS. 

^^^^^V                                  MIBCELLAHSOUB  BTKBOLS.                                                          ^^H 

V        Q  Ascending  node. 

R.A  or  a.  Right  asoenaion.                    ^^^^ 

1         0    Dtsceoding  node. 

Dee.  or  d.  Declination,                             ^^^^ 

I         N.  North.     K.  Suuth. 

C,  True  xenitb  distance.                          ^^^| 

1        E.  East.    W.  West. 

C.  Apparent  zenith  distance.                  ^^^| 

1          °  Degrees. 

A  Distance  from  the  earth.                     ^^^| 

K'          '  Minutes  of  arc. 

I,  Heliocentric  longitude.                        ^^^H 

^^^k'  Seconds  of  arc 

b.  Heliocentric  latitude.                           ^^^| 

^^^P*  Hours. 

\,  Geocentric  longitude.                            ^^^| 

W        "  Minutes  of  time. 

$,  tieoceutric  latitude.                                       V 

■           *  Secoiids  of  lime. 

6  or  U,   Longitude  of   ascending                I 

L,  Mean  lon^ntude  of  a  bod/. 

node.                                                         H 

ff.  Mean  anoiual}-. 

i,  Incltuution  of  orbit  to  the  eclip-                 1 

■         /,  True  anomaly. 

I 

■        f).  Mean  sidereal  motion  in  a  unit 

u,  Angular  distance  from  perihe.                 ■ 

■                of  lime. 

lion  to  node.                                                fl 

*         r.  Kadi  118  vector. 

u.  Distance   from   node,   or   argu-       •  ^^fl 

<f.  Angle  of  eccentricity. 

went  for  latitude.                               ^^H 

_         X,  Longitude   of   jterihelion    (also 

a.  Altitude.                                                 ^^^^ 

I                parallax). 

A,  Azimuth.                                                ^^^H 

^^^L                                   p,  Earth's  Equatorial  radius.                                            ^^^| 

■           Tlie  Grc«>k  alphabet  Is  here  inserted  to  aid  those  who  are  not  already           ^^H 

1        familiar  with  it  in  reading  the  parts  o{  tlie  text  in  which  its  letters                 J 

I        occur                                                                                                                              ^^^1 

H                  Letten.          Nam<s.                                         Letter*.         Nanies.                             ^^^^ 

■                                     Alpha                                         N  V            Nu                              ^^H 

^1                B  ;i3  e         Beta                                          B  $            Xi                             ^H 

^^H          V  y  r         Oaiuma                                    O  o            Omlcron                   ^^H 

^^H           ti                Delta                                          n  D  r                                           ^^H 

^^H          E  t            Epsilon                                    P  p  f         Rho                           ^^H 

^^          Z  C  f          Zeta                                         2  a !         Sigma                       ^^| 

■                 U  17            Eta                                          T  r  7          Tau                           ^H 

■                etf9         Theu                                      Tv             rpailon                    ^^1 

■                I  (              iota                                         *  ^            Phi                           ^H 

■                 K  (             Kappa                                      Z  x            t'bl                            ^^H 

■                AX             Umbda                                   t^            Pd                            ^^1 

h      1 

THE  METRIC  STSTEM. 

The  metric  syBtem  of  weights  and  measures  being  employed  in 
this  volame,  tlie  following  relations  between  the  units  of  this  system 
most  used  and  those  of  our  ordinary  one  will  be  found  oonrenient  for 
reference : 

MEASURES  OF  LBMOTB. 

1  kilometre    =  1000  metres        =    0  62187  mile. 
1  metre  =  the  unit  =89-87  inches. 

1  millimetre  =  -n/ini  o(  a  metre  =    0-03987  inch. 


MSAStTHES  OF  WEIOHT. 

1  millier  or  tonnean  =  1,000,000  grammes  =  2^i-6  poimds. 
1  kilogramme  =  1000  grammes  =        2-2046  pounds. 

1  gramme  -=  the  unit  =      10  •488  grains. 

1  mlUigramme  =  t7^  of  a  gramme    =       0-01048  grain. 


The  following  rough  approximations  may  be  memorised : 

The  kilometre  is  a  little  more  than  -A  of  a  mile,  but  less  than  f  of 
a  mile. 
The  mile  is  l-Ar  kilometres. 
The  kilogramme  is  2^  pounds. 
The  pound  is  less  than  half  a  kilogramme. 


THE  RELATION  OF  THE  EARTH  TO  THE 
HEAVENS. 


The  following  are  fundamental  propositiona  of  modern 
astronomy  : 

I.  The  earth  is  approstimatcly  a  sphere. — Kesidea  the 
proofs  of  this  proposition  familiar 
to  the  student  of  peograjihy,  we 
have  the  fact  that  portions  of  the 
earth's  stirface  visiblo  from  ele- 
vated positions  appear  to  ho 
hounded  by  circles.  This  projic-rtv 
belongs  only  to  the  surface  of  a 
sphere. 

II.  Tlie  directions  which  we  call 
up  and  down  are  not  invariahle, 
but  are  always  toward  or  from  the 

\  centre  of  the  earth. — Therefore, 
they  are  different  at  different  points 
of  the  earth's  surface. 

III.  TJte  earth  is  completely  isolated  in  «pac€. — The 
most  obvious  proof  of  this  is  that  men  have  visited  nearly 
every  part  of  its  surface  without  tinding  any  communica- 
tion with  other  bodies. 

IV.  The  earth  is  ona  of  a  vast  numher  of  globular 
boiiics,  familiarly  known  as  stars  and  planets,  moving 
according  to  certain  laws  and  separateil  by  distances 


niaitraling  the  fact  that  the 
porlloDit  of  (he  mrth  vUlhle 
rrom  elevated  pottUioiiK,  A',  ff, 
S",  etc.,  arc  bouuded  \>j  circle*. 
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80  im/mense,  that  the  magnitvdm  of  the  bodies  themselves 
are  insign\ficant  in  comparison. 

Tho  first  conception  the  stadent  of  astronomy  has  to 
form  is  that  of  living  on  the  surface  of  a  spherical  earth, 
which,  although  it  seems  of  immense  size  to  him,  is  really 
but  a  point  in  comparison  with  the  distances  which  sepa- 
rate him  from  the  stars  which  he  sees  in  the  heavens. 

.    §  2.    THE  CETiTiSTTATi  SFHESE. 

The  directions  of  the  heavenly  bodies  are  defined  by 
their  positions  on  an  imaginary  sphere  called  the  celestial 
sphere. 

The  celestial  sphere  is  an  imaginary  hollow  sphere,  hav- 
ing the  earth  in  its  centre,  and  of  dimensions  so  great  that 
the  earth  may  be  considered  a  point  in  comparison. 

One  half  of  the  celestial  sphere  is  represented  by  the 
vault  above  our  heads,  conmionly  called  the  sky,  in  which 
the  heavenly  bodies  appear  to  be  set.  This  vault  is  called 
the  visHie  hemisphere,  and  is  bounded  on  all  sides  by  tho 
horizon.  To  complete  the  sphere  it  is  supposed  to  extend 
below  the  horizon  on  all  sides,  our  view  of  it  being  cut 
off  by  the  earth  on  which  we  stand.  The  hemisphere  in- 
visible to  us  is  visible  to  those  upon  the  opposite  side  of 
the  earth.  We  may  imagine  a  coiniilete  view  of  tho 
sphere  to  be  obtained  by  travelling  around  the  earth. 

The  celestial  sphere  being  imaginary,  may  be  supposed 
to  have  dimensions  as  great  as  we  ])lease.  Convenience  is 
gained  by  supposing  it  so  large  as  to  include  all  the  heavenly 
bodies  within  it.  The  latter  will  then  appear  as  if  upon 
its  interior  surface,  as  shown  in  Fig.  3.  Here  the  observer 
is  supposed  to  be  stationed  in  the  centre  O,  and  to  have 
around  him  the  bodies  p,  q,  r,  s,  t,  etc.  The  sphere  itself 
being  supposed  to  extend  outside  of  all  these  bodies,  we 
may  imagine  lines  drawn  from  the  centre  through  each  of 
them,  directly  away  from  the  observer,  until  they  inter- 
sect the  sphere  in  the  points  P  Q  It  S  T,  etc.     These 
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latter  points  will  represent  tlie  apparent  poeitionB  of  the 
b<xiie8,  a*,  seen  bv  the  ul>Berver  at  O. 


FlO.    3.— BTAK8  BEKR  ON  THB  CKUE8TIAL  srHERB. 

If  several  of  tlie  Ixxlies,  aa  those  marked  t,  t ,  f,  are  in 
the  sanie  straight  line  from  the  observer,  tliej  will  appear 
I  one  IkxIj,  and  will  be  projected  on  the  same  point 
of  the  sphere.  Hence  pmtUhw  on  the  cdeMial  irphere 
rejrreiient  the  directions  of  the  heavenly  bodies  from  the 
olfserver,  hut  not  their  dintances. 

To  fix  the  apparent  positions  of  the  heavenly  bodies  on 
tlie  celestial  sphere,  certain  circles  are  supposod  to  be 
drawn  npon  it,  to  which  these  |)06itions  are  referred. 

The  following  propositions  flow  from  the  doctrine  of 
the  sphere.  In  Figs.  1  and  3,  suppose  the  earth  to  be  at 
O,  and  the  circles  to  represent  the  outlines  of  the  celestial 
sphere,  then  : 

I.  Every  straiyht  line  throtu/h  the  earth,  witen  prothtced 
I  itulefiniUiy,  intersects  the  oel^tiial  sphere  in  two  opposite 
'points. 


la  A8TB0N0MT. 

Since  tlie  earth  is  supposed  to  be  a  point  in  comparison 
•witli  the  sphere,  the  points  in  which  a  line  intersects  the 
sphere  may  be  supposed  opposite,  whether  tlie  line  passes 
through  the  centre  or  the  surface  of  the  earth. 

II.  Every  plane  thrmigh  the  earth  intersects  the  sphere 
in  a  great  circle. 

III.  Eor  every  sttch  plane  there  is  one  line  thrmigh  the 
centre  of  the  earth  intersecting  the  plane  at  right  angles. 
This  line  meets  the  sphere  at  the  poles  of  tlie  great  circle  in 
which  the  plane  intersect*  the  sphere. 

Example. — P  P\  Fig.  1,  is  the  line  through  O  perpen- 
dicular to  the  plane  A  B.     P  and  P'  are  the  poles  of  A  B. 

IV.  Every  line  through  the  centre  has  one  plane  per- 
pendicular to  it,  which  plane  intersects  the  sphere  in  the 
great  circle  whose  poles  arc  the  intersections  of  the  line 
with  the  sphere. 

Example. — The  line  Q  Q'  has  the  one  plane  CD 
through  O  perpendicular  to  it. 

§  8.   BELATION  OF  THE  SPHEBE   TO   THE   HOBI- 
ZON— PLANE  OF  THE  HOBIZON. 

A  level  plane  touching  the  spherical  earth  at  the  point 
where  an  observer  stands  is  called  the  plane  of  the  horizon. 

If  we  imagine  this  plane  extended  out  indefinitely  on 
all  sides  so  as  to  reach  the  celestial  sphere,  it  will  inter- 
sect the  latter  in  a  great  circle,  called  the  celestial  horizon. 
The  celestial  horizon  is  therefore  the  boundary  between 
the  visible  and  invisible  hemispheres,  the  view  of  the  lat- 
ter being  cut  off  by  the  earth. 

We  may  also  imagine  a  plane  passing  through  the  cen- 
tre of  the  earth,  parallel  to  the  horizon  of  the  observer. 
This  plane  will  intersect  the  celestial  sphere  in  a  circle 
below  that  of  the  observer's  horizon  by  an  amount  equal 
to  the  radius  of  the  earth.  This  circle  is  called  the 
rational  horizon,  while  that  first  defined  is  called  the 
sensible  horizon.  But  when  the  celestial  sphere  is  con- 
sidered so  immense  that  the  earth  may  be  regarded  as  a 
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Fio.  4. 

The  Visible  nemlipherp.— S  y.  llM 
borlzoo  ;  Z,  thc-zcniih:  S.nnjtUt; 
an,  iu  alUtude  ;  U  .V,  ilB  azlmalh. 


point  in  comparison,  the  rational  and  sensible  horizons  are 
considered  to  coincide  on  the  celestial  sphere. 

I7ie  vertical  line.  — The  vertical  of  any  observer  is  the 
direction  of  a  plumb  hue  where  be  stands.  Considering 
tlie  earth  as  a  perfect  8pherc,tliis 
direction  is  tliat  from  the  ob- 
server to  its  centre,  and  is  neces- 
sarily perpendicular  to  the  plane 
of  the  horizon.  If  we  consider 
the  vertical  to  extend  indefinite- 
ly in  botli  directions,  it  will  cut 
the  celestial  sphere  in  two  oppo- 
site points. 

The  zenith  is  tliat  point  of 
the  celestial  sphere  in  wliicli 
the  vertical  intersects  it  above 
the  observer. 

Tlie  nadir  is  that  point  in  which  the  vertical  intersects 
the  celestial  sphere  directly  below  the  observer's  feet. 
The  zenith  and  nadir  are  the  two  poles  of  the  horizon. 

Vertical  planes  and  circles. — A  vertical  plane  is  any 
plane  which  contains  the  vertical  line  of  the  observer. 
Any  vertical  plane,  when  produced  indefinitely,  intersects 
the  celestial  sphere  in  a  great  circle  passing  tliroiigh  the 
zenith  and  nadir,  and  cutting  tlic  horizon  at  right  angles. 

Such  a  great  circle  is  called  a  vertical  circle  of  the 
celestial  sphere. 

A  verticiil  circle  ma}'  pass  through  any  point  on  the 
celestial  sphere.  It  is  then  called  the  vertical  circle  of 
that  jKiint.  Ilenec  we  may  imagine,  ]>a.ssiiig  through 
every  star,  a  vertical  circle  extending  from  that  star  to  the 
horizon  and  meeting  the  latter  at  a  right  angle. 

The  altitude  of  u  licuvenly  body  is  its  elevation  above 
the  horizon,  measured  on  its  vertical  circle,  and  expressed 
in  degrees. 

The  altitude  of  a  body  in  the  zenith  is  90"  ;  half  way 
between  the  horizon  and  zenith,  it  is  •45"  ;  in  the  horizon 
it  is  0°  or  zero. 
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When  a  body  is  below  the  horizon,  and  therefore  invisi- 
ble, its  altitude  is  considered  to  be  algebraically  negative. 

The  zenith  distance  of  a  heavenly  body  is  its  angular 
distance  from  the  zenith  of  the  observer.  It  follows  from 
the  definitions  that  the  altitude  and  zenith  distance  of  a 
body  together  make  90°.  That  is,  if  a  be  the  altitude  and 
z  the  zenith  distance  : 

a-\-z  =  90°. 
s  =  90°  —  a. 

The  azimuth  of  a  star  is  the  angular  distance  of  the 
point  where  its  vertical  circle  meets  the  horizon,  from  the 
north  or  south  point  of  the  horizon,  expressed  in  degrees. 

Example. — In  Fig.  4  N II  k  the  azimuth  of  the  star^S. 

The  azimuth  of  a  body  exactly  in  the  east  or  west  is  90°. 

The  prime  vertical  is  the  vertical  circle  passing  through 
the  east  and  west  points  of  the  horizon. 

Co  ordinates  of  a  heavenly  hody. — The  position  of  any 
heavenly  body  relative  to  the  horizon  of  the  observer  is 
completely  expressed  by  its  altitude  and  azimuth.  If,  for 
example,  we  are  told  that  the  azimuth  of  a  star  is  20°  from 
north  to  west,  and  its  altitude  30°,  we  measure  an  arc  of 
20°  from  the  north  point  of  the  horizon  toward  west,  and 
then  direct  our  attention  to  the  point  30°  upward.  This 
point,  and  this  alone,  will  represent  the  position  of  the 
star  upon  the  celestial  sphere. 

Numbers  or  quantities  which  exactly  define  the  position 
of  a  body,  arc  called  its  co-ordinates.  Hence,  altitude 
and  azimuth  are  a  pair  of  co-ordinates  which  give  the  posi- 
tion of  the  body  relative  to  the  horizon. 

It  must,  however,  be  remembered,  as  already  stated, 
that  these  two  co-ordinates  give  only  tlie  direction,  and 
not  the  distance,  of  a  body.  Knowing  the  direction  of  a 
body,  we  know  where  to  look  for  it,  or  on  what  point  of 
the  celestial  sphere  it  appears  projected  ;  but  we  have  no 
knowledge  of  its  distance.  When  we  know  the  latter, 
we  have  completely  defined  the  position  of  the  body  in 
space.     We,  therefore,  reach  tlie  following  conclusions  : 
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rT^ree  eo-ordiruUes  are  neeeaaary  tojix  the  pontion  qf  « 
hody  in  splice. 
Bui  hoo  co-ordinatea  guffiet  to  determine  it«  apparent 
potition  on  the  celestial  gphere. 

Uorizons  of  different  place*.  — Since  the  earth  is  spheri- 

Ical  in  form  and  the  horizon  is  a  plane  touclung  this  sphere, 
every  different  place  ninst  have  a  different  horizon.  This 
fact  of  observation  afforded  the  ancients  their  proof  of 
the  rotundity  of  the  eartli.  It  was  found  that  an  eclipse 
of  the  moon,  wliich  was  seen  at  sunset  in  one  place,  oc- 
curred long  after  sunset  at  a  place  farther  east.  It  was 
also  found  that  in  travelling  north,  stars  disappeared  in 
the  soutli  horizon  and  rose  above  the  north  horizon.  Thus 
the  spherical  form  of  the  earth  was  known  before  the 
beginning  of  our  era. 

Not  only  does  the  liorizon  change  as  an  observer  moves 
from  place  to  place,  but  the  horizon  of  any  one  place  is 
continually  changing  in  consequence  of  the  earth's  rota- 
tion on  its  axis.  Hence,  the  altitude  and  azimuth  of  tlio 
heavenly  bodies  are  contiimally  changing,  and  no  one 
altitude  or  azimuth  is  true  except  for  a  particular  monieut 
and  for  a  particular  place.  Other  circle*  of  reference 
must,  therefore,  be  sought  when  we  desii-o  to  make  use  of 
co-ordinates  which  shall  be  permanent. 

§  4.    THE  DIiniNAL  MOTION. 

The  diurnal  motion  is  that  apparent  motion  of  the  sun, 
moon,  and  stars  from  ei^st  to  west,  in  conHe(iueiice  of 
which  they  rise  and  set. 

The  term  diurnal  is  applied  because  the  motion  reiwata 
itself  day  after  day. 

The  diurnal  motion  is  eaiised  by  a  daily  revolution  of 
the  earth  on  an  axis  pjussiug  through  its  centre,  called  the 
axis  of  the  earth.  This  axis  intersects  the  earth  at  two 
opposite  poles  called  the  north  and  oouth  poles  qf  the 
earth. 

If  the  earth's  axis  be  continued  indefinitely  in  both  direc- 
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tions,  it  intersects  the  celestial  sphere  in  two  oppoeite 
points,  called  celestial jwhs. 

The  north  celestial  pole  corresponds  to  the  north  end  of 
the  earth's  axis;  tlie  south  celestial  pole  to  the  south  end. 


The  Earth't  Axl>  nod  the  Plane  nf  the  Eqiulor.— .V i>.  Ihe  North  Pole;  8P, 
the  Soolh  Pole  ;  B  Q,  plane  of  the  BqimLor  ;  <  9.  Ihe  tem-atr  lal  Bqnitor. 

The  plane  £  Q,  ]>a8sing  throiif^h  the  centre  of  the  earth 
at  right  angles  to  the  axis,  is  called  the  j>lane  of  Vie 
equator. 

The  plane  of  tlie  equator  intersects  the  surface  of  the 
earth  in  a  cirele  e  ij,  called  the  terrestrial  or  geographical 
equator,  passing  tlirongh  certain  countries  and  oceans,  as 
taught  in  geography. 

When  the  plane  of  the  equator  is  continued  ont  in- 
definitely so  as  to  rcacli  the  celestial  sphere  it  meets  tlie 
latter  in  a  great  circle,  called  the  cfU«tial  equator. 

The  celestial  equator  is  everywhere  half  way  between 
the  two  celestial  poles  and  90°  from  each.  The  celestial 
poles  are,  therefore,  the  poles  of  the  celestial  equator. 
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Apparent  diurnal  motion  of  the  celfMial  sphere. — 
The  obeerver  on  tlie  earth  being  nncoiiBcious  of  its  revo- 
lation,  tlic  celestial  gpliere  appeal's  to  him  to  revolve  in  an 
opposite  direction  jiround  tlic  earth,  while  tlie  latter  aj)- 
pears  to  remain  at  rest.  The  case  is  nnu-h  the  same  as 
when  we  are  on  a  steamer  turning  round,  and,  being  un- 
conscious of  the  motion,  the  harbor,  shijw,  and  houses 
seem  to  be  revolving  in  the  opposite  direction. 

So  far  as  appearances  are  concerned,  it  is  indifferent 
whether  we  conceive  the  eartli  or  the  heavens  to  revolve, 
and  for  the  purpose  of  deecrij)tion  it  is  easier  to  speak  as 
if  the  motion  were  in  the  heavens.  It  nmst,  however, 
be  remembered,  tliat  the  revolution  of  the  celestial  sphere 
is  only  apparent,  the  real  motion  Ijcing  that  of  the  earth. 

Since  the  diurnal  motion  is  an  apparent  rotation  of  the 
celestial  sphere  around  a  fixed  a.xis,  it  follows  that  there 
must  be  two  points  on  this  sphere  where  there  is  no  mo- 
tion, namely,  the  celestial  poles.  Moi-eover,  since  the 
celestial  poles  are  two  opposite  points,  one  pole  ninst  bo 
ai>ove  the  horizon,  and  therefore  on  a  visible  point  of  this 
sphere,  and  tlie  other  pole  below  it  and  therefore  invisible. 

The  celestial  pole  visible  to  ns  is  the  northern  one.  To 
And  it,  let  the  reader  look  at  tlio  northern  heavens,  as  rep- 
resented in  Fig.  6,  on  any  clear  evening.  The  first  star  to 
Ihj  found  is  Polarin,  or  the  P0I4  Star.  It  may  be  recog- 
nized by  tlio  PoinieT»y  two  stars  in  the  constellation 
Uraa  Major,  familiarly  known  as  the  Great  Dipper.  The 
straight  line  through  these  stars,  represented  by  the  dotted 
line  in  the  figure,  passes  near  Polaris. 

Polari«  is  abont  1^°  from  the  pole.  There  is  no  visi- 
ble star  exactly  at  the  pole. 

The  altitude  of  the  pole  above  the  horizon  is  different 
in  different  places,  being  eqaal  to  the  latitude  of  the 
place.  In  most  regions  of  the  United  States,  the  latitude 
is  between  35'^  and  45°. 

The  angular  distance  of  a  star  from  the  north  pole  is 
called  its  north  jtolar  distance. 


18  ABTROKOitr. 

The  followinsr  laws  of  tho  diurnal  motion  will  now  be 
clear, 

I.  Eecnj  star  in  the  heavens  appears  t^  describe  a  circle 
aroujid  the  pole  as  a  centre. 
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II.  The  greater  the  polar  distance  of  the  star  the  larger 
the  circle. 

If  the  north  polar  distance  is  less  than  the  altitude  of 
the  pole,  the  circle  which  tlic  star  deseribes  will  not  meet 
the  horizon  at  all,  and  the  star  will  therefore  neither  rise 
nor  set,  Init  will  simply  perform  an  apparent  diunial  revo- 
lution around  the  pole.  Below  the  pole  it  will  appear  to 
move  from  west  to  east,  graduallj  rising  up  in  tho  north- 
east and  j)afising  toward  tlie  west,  above  the  pole.  Tlie 
direction  of  the  motion  is  shown  by  the  arrows  on  Fig.  6. 
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The  circle  within  which  tlie  stars  neither  rise  nor  set  is 
caWvA  the  circU-  oi  perpetual  a pparitian.  Tl»e  radiua  of 
the  circle  of  perpetual  apparition  is  e<^aal  to  the  altitude 
of  the  pole  ab<jve  the  horizon. 

As  a  result  of  this  apparent  motion,  each  individual 
constellation  changes  its  configuration  witli  respect  to  the 
horizon,  that  part  wliich  is  highest  when  tlie  constellation 
is  above  the  jwlc  licing  lowest  wlien  below  it.  This  is 
shown  in  Fig.  7,  which  represents  a  supposed  constellation, 
at  different  times  of  the  night,  as  it  revolves  around  the 
[»le.  The  same  thing  may  be  seen  by  simply  turning 
Tig.  6  around  and  viewing  it  with  different  sides  up. 


NORTH 

Via.  7. 

If  the  polar  distance  of  the  star  exceeds  the  altitude  of 
the  pole,  it  will  dip  below  the  horizon  during  a  part  of 
its  diurnal  course,  and  will  be  longer  below  it  the  greater 
its  polar  distance. 

A  star  whose  polar  distance  is  90°  lies  on  the  celestial 
equator,  and  one  half  its  diurnal  motion  is  below  and  the 
other  half  above  the  horizon.  The  sun  is  in  the  celestial 
equator  about  March  2l8t  and  September  2l8t,  of  each 
I  year,  so  that  at  these  times  the  days  and  nights  are  of 
equal  length. 
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Lookinj^  farther  soutli  at  the  celestial  sphere,  we  shall 
at  length  see  stars  which  rise  a  little  to  the  east  of  south, 
and  set  a  little  to  the  west,  being  above  the  horizon  hut  a 
short  time. 

The  south  pole  is  as  far  below  our  horizon  as  the  north 
pole  is  above  it.  Hence,  stars  near  the  south  pole  never 
rise  in  our  latitudes.  The  circle  within  which  stars  never 
rise  is  called  tlie  circle  tA  jierpetuid  disttppt-arance. 

The  meridian, — The  plane  of  the  meridian  is  tliat  ver- 
tical plane  which  contains  the  earth's  axis,  and  therefore 
passes  through  the  zenith  and  pole,  and  through  the  earth's 
centre. 

Tile  terrestrial  meridian  is  the  line  in  which  the  plane 
of  the  meridiau  intersects  the  surface  of  the  earth.  It  is 
a  north  and  south  line  passing  through  the  point  where 
we  suppose  the  observer  t<»  be  situated.  It  follows  tliat 
if  several  observers  are  north  and  south  of  each  other  they 
Jiave  the  same  meridiau  ;  otherwise  they  have  different 
meridians. 

The  celestial  meridian  is  the  great  circle  in  which  the 
meridian  i>lane  cuts  the  celestial  sphere.  It  passes  from 
the  nortli  point  of  the  horizon  to  the  ]>ole,  thence 
through  the  zenith  and  south  horizon,  the  nadir,  and  up 
to  the  north  horizon  again. 

The  complete  circle  forming  the  celestial  meridian  is 
sometimes  divided  into  two  semicircles  by  the  poles  of 
the  eartli.  That  sciiiicircte  which  piisses  from  one  pole 
to  the  otlier  through  the  zenith  is  called  the  upper  meri- 
dian ;  that  through  the  nadir  is  called  the  Itnoer  meri- 
dian. 

Terrestrial  meridians  are  considered  as  belonging  to  the 
places  they  pass  through.  Thus,  we  speak  of  the  meridian 
of  Greenwich,  or  the  meridiau  of  Washington,  meaning 
thereby  that  north  and  soutii  semicircle  on  the  earth's 
surface  passing  from  one  pole  to  the  other  through  the 
Koyal  Observatory,  Greenwich,  or  through  the  Naval 
Oljservatory,  Washington. 
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§  6.  THE  DinaNAXi  MOTION  IN  DrFFKRKNT  IiATI- 

TUDE8. 

Ab  we  liave  seen,  the  celestial  horizon  of  an  observer 
will  change  its  place  on  the  celeBtial  sphere  as  the  obeerver 
travels  from  place  to  place  on  the  surface  of  tlie  earth. 
If  he  moves  directly  toward  t!ie  nortli  hit*  zenith  will  ap- 
proach the  north  pole,  but  as  the  zenith  is  not  a  visible 
point,  tlie  motion  will  be  naturally  attributed  to  the  pole, 
which  will  seem  to  approach  the  point  overhead.  The 
new  apparent  position  of  the  pole  will  change  the  aspect 
of  the  observer's  sky,  as  the  higher  the  pole  appears  above 
the  horizon  the  greater  the  circle  of  perpetual  apparition, 
and  therefore  the  greater  the  number  of  stars,  which 
never  set. 
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If  the  obserA-er  is  at  the  north  pole  his  zenith  and  the 
pole  itself  will  coincide  :  half  of  the  stars  only  will  be  vis- 
ible, and  these  will  never  rise  or  set,  but  appear  to  move 
around  in  circles  parallel  to  the  horizon.  The  horizon 
and  equator  will  coincide.  The  meridian  will  be  indeter- 
minate since  Z  and  P  coincide  ;  there  will  be  no  east  and 
west  line,  and  no  direction  Imt  south.  The  sphere  in  this 
case  is  called  a  yaralhl  spfiere. 
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If  instead  of  travelling  to  the  north  the  observer  shotild 
go  toward  the  equator,  the  north  pole  would  seem  to  ap- 
proach his  liorizon.  When  lie  reached  the  equator  both 
poles  would  be  in  the  horizon,  one  north  and  tlie  other 
south.  All  the  stars  in  succession  would  then  be  visible, 
and  each  would  be  an  equal  time  above  and  below  the 
horizon. 
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The  sphere  in  this  case  is  called  a  right  »phere,  because 
the  diurnal  motion  is  at  right  angles  to  the  horizon.  If  now 
the  observer  travels  southward  from  the  equator,  tlic  south 
pole  will  become  elevated  above  his  horizon,  and  in  the 
southern  heuiisphcte  appearances  will  be  reproduced 
which  we  have  already  described  for  the  northern,  except 
that  the  direction  of  the  motion  will,  in  one  respect,  he 
different.  The  heavenly  bodies  will  still  rise  in  the  east 
and  set  in  tiie  west,  but  those  near  the  equator  will  pass 
north  of  tiio  zenith  instead  of  south  of  it,  as  in  our  lati- 
tudes. The  sun,  instead  of  moving  from  left  to  right, 
there  moves  from  right  to  left.  Tlie  bounding  line  l)e- 
tween  tlie  two  directions  of  motion  is  the  equator,  where 
the  snn  culminates  north  of  the  zenith  from  March  till 
September,  and  south  of  it  from  SeptemlH.>r  till  March. 

If  the  observer  travels  west  or  cast,  the  character 
of  the  diurnal  motion  will  not  change. 
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§    e.    CORHESPONDENCE    OF    THE    TERBESTBIAL 
AND  CELESTIAL  SPHEHES. 

Fundamental  j/ro/Mmtion. —  The  altitude  of  the  pole 
above  the  horizon  is  equal  to  the  latitude  of  thejflace. 

This  may  be  shown  as  follows  : 

Let  Z  be  a  place  on  the  earth  PEpQ,  Pp  being  the 
eartli's  axis,  and  ^  ^  its  equator,  Z  is  the  zenith,  and  JI 
Ji  the  horizon  of  Z.  LO  Q 
is  the  latitude  of  Z  accord- 
ing to  ordinary  geographical 
definitions:  i.e.,  it  is  its  an- 
gular distance  from  the  equa- 
tor. 

Prolong  O  P  indefinitely 
to  P"  and  draw  Z  P"  par- 
allel to  it.  To  an  observer  at 
Z,  the  elevated  pole  of  the 
heavens  will  be  seen  along 
the  line  Z  P",  because  at  an 
infinite  distance  the  distance 
P' P"  will  appear  like  a 
point.  II LZ  ^  POQ,  and 
P'LH=LOQ — that  is,  the  elevation  of  the  pole  above 
the  celestial  horizon  Z  //  is  equal  to  the  latitude  of  the 
place  as  stated. 

Correspondence  of  zeniths. — The  zenith  of  any  point  on 
the  surface  of  the  earth  is  considered  as  a  corresponding 
point  of  the  celestial  sphere.  If  for  a  moment  we  suppose 
both  spheres  at  rest,  an  observer  travelling  over  the  earth 
would  find  his  zenith  to  mark  out  a  path  on  the  celestial 
sphere  corresponding  to  his  path  on  the  earth.  To  un- 
derstand the  relation,  we  may  imagine  that  the  observer's 
zenith  is  marked  out  l»yan  infinitely  long  pencil,  extending 
vertically  above  his  head  to  the  celestial  sphere. 

I^t  Fig.  9  represent  the  celestial  sphere,  with  the  earth 
in  the  centre. 


Fio.  10. 

ZLP"  =  ZOP', 


hence 
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Correnpondcooc  of  Circlet  on  th«  OelMtlal  ud  Tsrrcstrlal  Spheral. 

zenitli  will  reniain  the  same  from  day  to  day,  iMscanse 
tlie  ijosition  of  tho  observer  is  not  changed  by  the  rota- 
tion of  the  eartli. 

If  the  observer  is  in  latitude  45°,  he  will  in  twenty-four 
hours,  by  the  rotation  of  the  earth,  lie  carried  around  on  a 
parallel  of  terrestrial  latitude,  45"  from  the  nortli  pole  of 
the  earth.  His  zenith  will,  during  the  same  time,  descrilje 
a  circle  M  L  on  the  celestial  sphere,  corresponding  to 
this  parallel  of  latitude  on  the  earth  ;  that  is,  a  circle  45° 
from  the  celestial  pole  and  45"  from  tho  celestial  equator. 

Next,  let  us  suppose  the  observer  on  the  earth's  eqnator 
at  e  or  q.  His  zenith  will  then  be  90°  from  each  pole.  As 
tho  earth  revolves  on  its  axis,  his  zenith  will  describe  a 
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great  circle,  E  Q,  around  the  celestial  sphere.  This  circle 
ig,  ill  fact,  the  celestial  efjuator.  The  line  from  the  centre 
of  the  eurth  through  the  observer  to  hia  zenith  will  tie- 
scribe  a  plane,  namely,  tlie  plane  of  the  e<iuator.  (Cf. 
Fig.  5.) 

An  observer  in  ^T}°  south  latitude,  will  be  half  way  l>e- 
tween  the  equator  and  the  south  pole.  By  the  diurnal 
motion  of  the  earth,  he  will  he  carried  around  on  the  paral- 
lel of  45^  south  terrestrial  latitude.  Siucc  his  zenith  is  con- 
tinually 45°  from  the  iK>le,  it  will  describe  a  circle,  SO,  in 
the  celestial  sphere  of  45°  south  polar  distance. 

Thus,  for  each  parallel  of  latitude  on  the  earth,  we 
have  a  corresponding  circle  on  the  celestial  sphere,  having 
its  pole  at  the  celestial  pole.  Let  us  now  iiupiire  how 
far  the  same  thing  is  true  of  the  nieritlians.  The  relation 
of  the  meridians  is  complicruted  by  the  earth's  rotation,  iu 
consequence  of  which  the  celestial  meridian  of  any  place 
is  continually  in  motion  from  west  to  east  on  the  celestial 
sphere.  To  express  the  same  thing  in  another  form,  the 
celestial  sj^re  is  apparentlij  in  motion  from  east  to  west, 
across  the  terrestrial  meridian,  the  latter,  it  will  be  re- 
memt>cred,  reuiaiuiog  at  re^t  relative  to  any  given  place 
on  the  earth.  A  north  and  south  wall  on  the  earth  is  al- 
ways in  the  common  plane  of  the  terrestrial  and  celestial 
meridians  of  the  place  whei'c  it  stands. 

Suppose  now  that  we  could  by  a  sweep  of  a  pencil  in  a 
moment  mark  out  the  semicircle  of  our  meridian  upon 
the  heavens  by  a  hno  from  the  north  pole  through  tho 
zenith  and  south  horizon,  to  the  south  pole.  At  tho  end 
of  an  hour  this  semicircle  would  have  apparently  moved 
15°  toward  tho  east  by  the  diurnal  motit»n.  Then  im- 
agine that  we  again  mark  our  meridian  on  the  celestial 
sphere.  The  two  semicircles  will  meet  at  each  pole  and 
be  widest  apart  at  the  e<iuator.  Continuing  the  process 
for  twenty-four  hours,  we  should  have  twenty-four  semi* 
circles,  all  diverging  from  one  pole  and  meeting  at  the 
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other,  as  shown  in  Fig.  11.  Tlie  circles  thus  formed  are 
called  hour  circles.     Hence  the  detinition  : 

Hour  eireh's  on  the  celestial  sphere  are  circles  passing 
through  the  two  poles  and  therefore  cutting  the  equator 
at  right  angles. 

The  hour  circle  of  any  particnlar  star  is  the  hour  circle 
passing  through  that  star.  In  Figure  11a  let  the  outline 
represent  the  celestial  sphere  ;  Z  being  the  zenith  and  P 
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the  north  pole.  Let  A  he  the  position  of  a  star. 
Then  J'AB  is,  by  definition,  part  of  the.  hour  circle  of 
the  star  A.  The  angle  ZPA  is  then  called  the  hour 
angle  of  the  star.     Hence  the  definition  : 

The  /loiir  anyh  of  a  star  is  the  angle  which  its  hour 
circle  makes  with  the  meridian  of  the  place. 

The  hour  angle  of  a  star  is,  therefore,  continually  chang- 
ing in  constHjuencc  of  the  diurnal  motion. 

The  declination  of  a  star  is  \\s  distance  from  the  equa- 
tor north  or  south.  Thus,  in  the  figure,  CWDK  is 
the  celestial  equator  and  thu  arc  B  A  is  the  declination  of 


RIGUT  ASCENSION  AND  DECLINATION. 


27 


rthe  star  A.     By  the  previous  definition,  P  A'\s  tlic  polar 
distance  of  the  star.     Because  P  B  is  90°,  it  follows  that 
the  sum  of  the  polar  distance  and  decliiiatiou  of  a  star 
make  %if. 
Therefore,  if  we  put  /),  the  polar  distance  of  the  star, 
and  6  its  declination,  we  shall  have  : 
^  -I-  (J  =  90°. 
S  =  90°  —  p. 
The  declination  uiid    hour  angle  of  a  star  are  two  co- 
ordinates which  eoiiiplctt'ly  (lefiMe  its  [xj^irioii. 

Frotn  Figure  11  it  can  at  once  !»•  sciMi  that  tlie  lati- 
tude of  a  place  on  the  earth's  surface  is  equal  to  the 
I  declination  of  the  zenith  of  that  place,  since  the  declina- 
tion of  the  /.enith  is  e(jiial  to  the  altitude  of  the  elevated 
pole. 


§  7.    HIQHT  ASCENSION   AND  DECLINATION. 


Since  the  hour  angle  of  a  heavenly  body  is  continually 
changing  in  conserjuence  of  the  diurnal  motion,  it  is 
necessary  to  have  fixed  circles  on  the  sphere  to  which  we 
may  refer  the  positiuii  of  a  star.  The  circles  already  de- 
Kcriljcd  will  enalde  us  to  do  this. 

We  call  to  mind  that  to  determine  the  longitude  of  a 
place,  we  choose  some  meridian,  that  of  Greenwich  or 
Washington,  for  instance,  as  a  first  meridian,  and  then  de- 
fine the  longitude  of  tlic  place  as  the  angle  which  its 
ineridian  makes  with  the  drst  meridian.  To  define  the 
corresponding  co-ordinate  of  u  fixed  star,  we  choose  a  cer- 
tain hour  circle  on  the  celestial  sphere  as  a  stiuidard,  and 
express  a  celestial  longitude  of  any  heavenly  body  hy  the 
angle  which  its  hour  circle  makes  %vith  this  standard  hour 
circle.  This  co-ordinate  in  the  heavens,  however,  is  not 
called  longitude,  hut  riyht  innen^iini. 

The  iioTir  circle  chosen  in  the  heavens  i.s  that  of  the 
vernal  eijuinox.  What  the  venial  equinox  is  will  be  de- 
M^ribed  hereafter.     For  our  present  purpose  nothing  more 
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is  neceesaiy  tlian  to  iiiiderstand  that  a  particular  circle  vt 
arbitrarily  chosen.     Hence  the  definition  : 

The  7'i(//il  avcension  of  a  heavenly  liody  is  the  angle 
which  its  hour  circh  makes  with  the  hour  circle  jnissing 
through  tJie  vernal  equinox. 

Besides  the  riglit  ascenBion,  another  co-ordinate  is  rc- 
tjuired  to  fix  the  jwsition  of  tlie  star,  and  for  this  we  take 
the  declination  or  angular  distance  from  the  celestial  equa- 
tor already  described.  The  relation  of  these  co-ordinates 
to  terrestriid  ones  are  : 

To  hUitud4i  on  the  earth  corresponds  declination  in  the 
heavens. 

To  longitude:  on  the  earth  corresponds  right  ascension 
in  the  heavens. 

§  8.  RELATION  OF  TIME  TO  THE  SPHERE. 

Difibrent  KindB  of  Time.— We  have  seen  (p.  17)  that 
tlie  enrtii  rotates  uniformly  tjii  its  axis — that  is,  it  tunis 
through  equal  angles  in  equal  intervals  of  time.  This  ro- 
tation can  be  used  to  measure  intervals  of  time  when 
once  a  unit  of  time  is  agreed  upon.  The  most  natural 
unit  is  a  day. 

A  sidereal  dug  is  the  interval  of  time  required  for  the 
earth  to  make  one  complete  revolution  on  its  axis.  Or, 
what  is  the  same  thing,  it  is  the  interval  of  time  between 
two  consecutive  transit*  of  a  star  over  the  same  meridian. 
The  sidereal  day  is  divided  into  2-i  sidei-eal  hours  ;  each 
hour  is  divided  into  ttO  minutes  ;  each  minute  into  CO 
seconds. 

In  making  one  revolution,  the  earth  turns  through  360", 
so  that 

24  lioore     =  360'  ;  also 

I  hour       =     15°;  1 '  =  4  niinutex  ; 

1  minute  =     15   ;  1'   =  4ciecoDdB; 

1  iecond   =     15';  1'  =  0006  ...  sec 

The  hour-angle  of  any  star  on  the  meridian  of  a  place 
is  zero  (liy  definition   p.  25).     It  is  then  at  its  transit  or 

culmination. 
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Ae  the  earth  rotates,  the  meridian  moves  away  (east- 
wardly)  from  this  star,  whose  hoiir-aiifjlc'  coiitimially  in- 
creases from  0°  to  360°,  or  from  0  liours  to  24  hours. 
Sidereal  time  can  then  he  directly  measured  hy  tlie  liour- 
angle  of  any  star  in  tlic  lieaveiifl  whicii  is  on  the  meridian 
at  an  instant  we  iigree  to  call  sideitjal  0  hours.  When  this 
star  ha«  an  hour-angle  of  HU",  the  sidereal  time  is  *>  hours  ; 
when  the  star  has  an  hour-angle  of  18U°  (and  is  again  on 
the  meridian,  hut  in visihie  unless  itisacircumpolar  8tar)it 
is  12  hours  ;  when  ite  liour-augle  is  270'^  the  sidereal  time 
is  18  hours,  and,  finally,  when  the  star  reaches  the  upper 
meridian  again,  it  is  24  houi-s  or  0  hours.  See  Fig.  9 
where  E  C  WD  is  the  apparent  diunial  path  of  a  star 
in  the  equator.     It  is  on  the  meridian  at  C. 

Instead  of  choosing  a  star  as  the  detennining  point 
whose  transit  iiuu-ks  sidereal  0  houre,  it  is  found  more  con- 
venient to  select  that  point  in  the  sky  from  which  the 
right  ascensioiiflof  stars  are  counted — the  vernal  equinox — 
the  point  V  in  the  figure.  The  fundamental  theorem  of  si- 
dereal time  is,  the  hnur-angle  of  the  vernal  equinox  or  the 
sidereal  time  is  equal  to  the  right  ascension  of  the  meri- 
dian, that  is  C  r=  Y  C. 

To  avoid  continual  reference  to  the  stars,  we  set  a  clock 
so  that  it«  hands  shall  mark  0  hours  0  minutes  0  seconds 
at  the  transit  of  the  vernal  equino.\,  and  regulate  it  so  that 
its  hour-hand  revolves  once  in  24  sidereal  hours.  Such  a 
clock  is  called  a  sidereal  clock- 
Time  measured  hy  the  hour-angle  of  the  sun  is  called 
true  or  apparent  solar  time.  An  apparent  solar  day  is 
the  interval  of  time  between  two  consecutive  transits  of 
the  son  over  the  upper  meridian.  The  instant  of  the 
transit  of  the  sun  over  the  meridian  of  any  place  is  the 
apparent  noon  of  tJiat  place,  or  local  apparent  noon. 

When  the  sim's  hour-angle  is  12  hours  or  180°,  it  is 
local  apparent  midnight. 

The  ordinary  sun-dial  marks  apparent  solar  time.  As 
a  matter  of  fact,  apparent  solar  days  are  not  equal.     The 
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reason  for  this  is  fully  explained  later  (p.  253).  Hence 
our  clocks  arc  not  iimdc  to  keep  this  kind  of  time,  for  if 
once  set  right  tlicy  would  Bomotinies  lose  and  Boraetimea 
gain  on  such  time. 

A  modified  kind  of  solar  time  is  therefore  used,  called 
mean  solar  time.  This  is  the  time  kept  by  ordinary  watches 
and  clocks.  It  is  sometimes  called  civil  time.  Mean  solar 
time  is  measured  Iiy  the  hour-angle  of  the  mean  sun,  a 
fictitious  hody  which  is  imagined  to  move  uniformly  in 
the  heavens.  The  law  according  to  which  the  mean  mm 
is  supposed  to  move  enables  us  to  compute  its  exact  potiitiori 
in  the  heavens  at  any  instant,  and  to  define  this  pf«sition  hy 
the  two  co-ordinates  right  ascension  and  declination.  Thus 
we  know  the  position  of  this  imiiginary  hody  just  as  wo 
know  the  position  of  a  star  whose  co-ordinates  are  given, 
and  we  may  speak  of  its  transit  as  if  it  were  a  bright  ma- 
terial point  in  the  sky.  A  trwan  solar  day  is  the  interval 
of  time  hetvveen  two  consecutive  transits  of  the  mean  sun 
over  the  upper  meridian.  Mean  noon  at  any  place  on  the 
earth  is  the  instant  of  the  mean  sun's  transit  over  the  meri- 
dian of  that  place.  Twelve  h^urs  after  local  mean  noon 
is  local  tnean  m'ulnUjhL  The  mean  solar  day  is  divided 
into  24  hours  of  tUt  minntcs  each.  Each  minute  of  mean 
time  contains  60  mean  solar  seconds. 

We  have  tliu«  tbret^  kinila  of  time.  Tliej  are  alike  In  one  point. 
Each  is  measuret]  by  the  hour-angle  of  gome  body,  real  or  aiMumed. 
The  tiody  cliosun  determim-s  llie  kind  of  time,  and  llie  abeolutu  lenf^th 
of  tkie  unit— tlie  day.  Tbe  aimpleet  unit  is  tlinl  dutennined  by  the 
uniformly  rotating  earth — the  Bider«al  day  ;  the  most  natural  unit  is 
that  determined  by  the  Bun  itself — the  apparent  solar  day,  which, 
however.  Is  a  variable  unit ;  the  most  convenient  oaK  la  the  mean 
■oUr  day. 

Comparative  Lengths  of  the  Mean  Solar  and  SideretJ 
Day.— As  a  fact  of  ohsers'ation,  it  is  fouiitl  that  the  sun 
appears  to  move  from  west  to  east  among  the  stars,  about 
1°  daily,  making  a  complete  revolution  around  the  sphere 
in  a  year.  The  reason  of  this  >rill  be  e.\plained  later  (p. 
101). 
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Hence  an  apparent  solar  day  will  be  longer  than  a 
sidereal  day.  For  suppose  the  sun  to  be  at  the  vernal 
e<|umox  exactly  at  sidereal  noon  (0  houre)  of  Wiwhiiitrtoii 
time  on  March  21fit — that  is,  the  vernal  e<)uinox  and  the 
sun  arc  both  un  the  meridian  of  Washington  at  tiie  same 
instant.  In  24  sidereal  houis  the  vernal  equinox  will 
again  be  on  t!ic  same  meridian,  but  the  sun  will  have 
moved  eastwardly  by  alxjut  a  degree,  and  the  eartli  will 
have  to  tnni  through  this  angle  and  a  little  more  in  order 
that  the  sun  shall  agaiti  be  on  the  Wsisliington  meridian, 
or  in  order  that  it  may  be  apparent  noun  on  March  '22d. 
For  the  meridian  to  overtake  the  sun  re<piires  al)out  i 
minutes  of  sidereal  time.  Tliotnie  sun  does  not  move,  as 
we  have  said,  uniformly.  Tlie  mean  sun  is  supposed  to 
move  uniformly,  but  to  nuike  the  circuit  of  the  heavens 
in  tlie  same  time  as  the  real  sun.  Ilenco  a  mean  solar  day 
will  also  lie  longer  than  a  sidereal  day,  for  the  same  resison 
that  the  apparent  solar  day  is  longer.  The  exact  rela- 
tion is  : 

0.007  mean  nlar  Aaj, 

231'  50"  4'  001  mean  solar  time, 
1  -003  B'niereal  da_v», 
24''  a™  50* -555  sidereal  time, 

and 

MG '  IM223  aidereal  dajs  =  305  -  34323  mean  Bolar  days. 

Local  Time. —When  the  mean  sun  is  on  the  meridian  of 
a  place,  as  Huston,  it  is  mean  noon  at  Boston.  When  tlie 
mean  sun  is  on  the  meridian  of  St.  Louis,  it  is  mean  noon 
at  St.  Louis.  St.  Louis  being  west  of  Boston,  and  the 
earth  rotating  from  west  to  cast,  the  local  noon  of  Boston 
I  occurs  before  the  local  noon  at  St.  Louis.  In  the 
same  way  the  local  sidereal  time  at  Boston  at  any  given 
instant  is  expressed  by  a  larger  number  than  the  local 
sidereal  time  of  St.  Louis  at  that  instant. 

The  sidereal  time  of  otir  common  noon  is  given  in  the 
astronomical  ephemeris  for  every  day  of  the  year.  It  can 
be  found  within  ten  or  twelve  minutes  at  any  time  by  ro- 
meinbering  that  on  March  2l8t  it  is  sidereal  0  hours  about 


1  sidereal  day  = 

24  aidereal  houra         ~ 

1  mean  »olnr  day  = 
24  mean  aolar  boure  = 
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noon,  on  April  21fit  it  is  about  2  lionre  Bidereal  time  at 
noon,  and  so  on  tiirnngh  tlie  year.  Tlius,  by  adding  two 
hours  for  eacli  month,  and  four  minutes  fur  each  day  after 
the  Slst  day  last  preceding,  we  have  the  sidureal  time  at 
the  noon  we  require.  Adding  to  it  the  nuiiiber  of  hours 
since  noon,  and  one  minute  more  for  every  fourth  of  -.nhxy 
on  aceount  of  the  constant  gain  of  tlie  olock,  wc  have  the 
sidereal  time  at  any  moment. 

Example. — Find  the  sidereal  time  on  July  4tli,  1881, 
at  4  o'clock  A.M.     We  have  : 

b       m 

June  2l8t,  3  montlis  after  Mareh  2l8t ;  to  be  X  2,    6     0 
July  ad,  12  days  after  June  21st ;   X  4,  0  48 

4  A.M.,  16  hours  after  noon,  nearly  }  of  a  day,        16     3 


This  reeult  is  within  a  minute  of  the  tmth. 
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Relation  of  Time  and  Longitude. — Considering  oar  civil 
time  which  depends  on  the  sun,  it  will  be  seen  that  it  is 
noon  at  any  and  every  place  on  the  earth  when  the  sun 
crosses  the  meridian  of  that  place,  or,  to  speak  witli  more 
precision,  wlien  the  meridian  of  the  places  passes  under 
the  sun.  In  the  lapse  of  2+  hours,  the  rotation  of  the 
earth  on  its  axis  brings  all  it«  meridians  under  the  sun  ia 
succession,  or,  which  is  the  same  thing,  the  sun  appears  to 
pass  in  succession  all  the  meridians  of  tlie  earth.  Hence, 
noon  continually  travels  westward  at  the  rate  of  1 5°  in  an 
hour,  making  the  circuit  of  the  earth  in  24  hours.  The 
difference  between  the  time  of  day,  or  local  tirne  as  it  is 
called,  at  any  two  places,  will  be  in  proportion  to  the  differ- 
ence of  longitude,  amounting  to  one  hour  for  every  15 
degrees  of  longitnde,  four  minutes  for  every  degree,  and 
so  on.  Vice  versa,  if  at  the  same  real  moment  of  time 
we  can  detennine  tlie  local  times  at  two  different  places, 
the  difference  of  these  times,  multiplied  by  15,  will  give 
the  difference  of  longitude. 
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Tlie  longitudes  of  places  are  determined  astronomically 
on  this  principle.  Astronomers  are,  iiowever,  in  the 
habit  of  fxpressiiig  the  longitude  of  places  on  the  earth 
like  the  right  jwcensions  of  the  heavenly  bodies,  not  in 
degrees,  but  in  hours.  For  iastance,  instead  of  saying 
that  VVa.'^hington  is  77°  3'  west  of  Greeinvieh,  we  com- 
monly say  that  it  is  5  hours  S  minutes  12  seconds  west, 
meaning  that  when  it  is  noon  at  Washington  it  ia  5  hours 
8  minutes  12  seconds  after  noon  at  Greenwich.  This 
course  is  adopted  to  prevent  the  trouble  and  confusion 
wliich  miglit  arise  from  constantly  having  to  change  hours 
into  degrees,  and  the  reverse. 

A  question  frequently  asked  in  tliis  connection  is, 
Where  does  the  day  change  ?  It  is,  we  will  8uj)pose,  Sun- 
day noon  at  Wai^liington.  That  noon  travels  all  the  way 
round  the  earth,  and  when  it  gets  back  to  Washington 
again  it  is  Monday.  Where  or  when  did  it  change  from 
Sunday  to  Monday  ?  We  answer,  wherever  jH-'riple  choose 
to  make  t!ie  change.  Navigsitors  make  the  change 
occur  in  longitude  180°  from  Greenwieli.  As  this  meri- 
dian lies  in  the  Pacific  Ocean,  and  scarcely  meets  any  land 
through  its  course,  it  is  very  convenient  for  this  jmrpose. 
If  its  use  were  universal,  the  day  in  question  wuuld  be 
Sunday  to  all  the  inhabitants  cast  of  this  line,  and  Mon- 
day to  every  one  west  of  it.  But  in  ])ractice  there  have 
been  some  deviations.  As  a  general  rule,  on  those  islands 
of  the  Pacific  which  are  settled  by  men  travelling  east, 
the  day  would  at  first  Ix;  called  Monday,  even  though 
they  might  cross  the  meridian  of  180°.  Indeed  the  Rus- 
sian settlers  carried  their  count  into  Alaska,  so  that  when 
our  pcojde  took  possession  of  that  territory  they  found 
that  the  in!ial)itants  called  the  day  Monday  when  they 
themselves  called  it  Sunday.  These  deviations  have,  how- 
ever, almost  entirely  disapj>earod,  and  with  few  i-xceptiona 
the  day  is  changed  by  common  consent  in  longitude  180" 
from  Greenwich. 


fl 
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8  0.   DETERMINATIONS  OF  TERRESTHIAIi    LONGI- 
TUDES. 

"We  have  reniarkeJ  that,  owing  to  the  rotation  of  the  earth, 
there  is  no  such  fixed  correspondence  between  meridians  on 
the  earth  and  among  the  stars  as  there  is  between  latitude  on 
the  earth  and  declination  iu  the  heavens.  The  observer 
can  always  determine  his  latitude  by  finding  the  deehnation 
of  his  zenith,  but  he  cannot  lind  his  longitude  from  the 
right  ascension  of  his  zenith  with  the  same  facility,  bo- 
cause  that  right  ascension  is  constantly  changing.  To  deter- 
mine the  longitude  of  a  place,  the  element  of  time  as  mea- 
sured by  the  diunial  motion  of  tlie  earth  neeessjirily  comes 
in.  Let  us  once  more  consider  the  plane  of  the  meridian 
of  a  place  extended  out  to  tlie  celestial  sphere  so  as  to 
mark  out  on  the  hitter  the  celestial  meridian  of  the  place. 
Consider  two  such  places,  Washington  and  San  Francisco 
for  example  ;  then  there  will  be  two  such  celestial  meri- 
dians cutting  the  celestial  sphere  so  as  to  make  an  angle  of 
about  forty-five  degrees  with  each  other  in  this  case.  Let 
the  observer  imagine  himself  at  San  Francisco.  Then  he 
may  conceive  the  meridian  of  Washington  to  be  visible 
on  tlie  celestial  sphere,  and  to  extend  from  the  pole  over 
toward  his  south-east  horizon  so  as  to  pass  at  a  distance  of 
about  forty-five  degrees  east  of  liis  ov^^l  meridian.  It 
would  appear  to  him  to  be  at  rest,  although  really  both 
his  own  meridian  and  that  of  Washington  .are  moving  in 
consequence  of  the  earth's  rotation.  Apparently  the  stars 
in  their  course  will  first  p.'iss  the  meridian  of  Washington, 
and  about  three  hours  later  will  jiasa  his  own  meridian. 
Now  it  is  evident  that  if  he  can  determine  the  interval 
which  tlie  star  requires  to  pass  from  the  meridian  of  Wash- 
ington to  tliat  of  his  own  place,  he  will  at  oncxj  have  the 
difference  of  longitude  of  the  two  places  by  simply  turn- 
ing the  interval  in  time  into  degrees  at  the  rate  of  fifteen 
degrees  to  each  hour. 

Essentially  the  same  idea  may  perhaps  be  more  readily 
grasped  by  considering  the  star  as  apparently  passing  over 
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the  sneeossive  terrestrial  ineridians  on  tlio  surface  of  the 
eartli,  the  eartli  being  now  supposed  for  ii  nionient  to  lie 
at  rest.  If  we  iuKigiiie  a  straight  line  drawn  from  tlie 
centre  of  the  earth  to  a  star,  this  Unu  will  in  the  course  of 
twenty-four  sidereal  hours  apparently  make  a  complete 
revolution,  piussiug  in  succession  the  mLM-idians  of  all  the 
places  on  the  earth  at  the  rate  of  fifteen  degrci«  in  an  hour 
of  sidereal  time.  If,  then,  Washington  and  San  Francisco 
are  forty-five  degrees  apart,  any  one  star,  no  matter  what 
its  deehnation,  will  require  three  sidei-eal  hours  to  pasa 
from  the  meridian  of  Washington  to  that  of  San  Francisco, 
and  the  sue  will  require  three  aolar  Jiours  for  the  same 
passage. 

Whichever  idea  we  adopt,  the  result  will  be  the  same  : 
difference  of  longitude  is  measured  by  the  time  required 
for  a  star  to  apparently  pass  from  the  meridian  of  one 
place  to  that  of  another.  There  is  yet  another  way  of 
defining  what  is  in  effect  the  same  thing.  The  sidereal 
time  of  any  place  at  any  instant  being  the  same  with  the 
right  ascension  of  its  meridian  at  that  instant,  it  follows 
that  at  any  instant  the  sidereal  times  of  the  two  places  will 
differ  by  the  iimount  of  the  difference  of  longitude.  For 
instance  :  suppose  that  a  star  in  0  hours  right  ascension  is 
croesing  the  meridian  of  Washington.  Then  it  is  0  hours 
of  local  siilcreal  time  at  Washington.  Three  hours  later 
the  star  will  have  reached  the  meridian  of  San  Francisco. 
Then  it  will  he  0  hours  local  sidereal  time  at  San  Fran- 
cisco. Hence  the  difference  of  longitude  of  two  places  is 
measured  by  the  difference  of  their  sidereal  times  at  the 
same  instant  of  absolute  time.  Instead  of  sidereal  times, 
we  may  equally  well  take  mean  times  as  measuretl  by  the 
ran.  It  being  nofui  when  the  sun  crosses  the  meridian  of 
any  place,  and  the  sun  requiring  three  hours  to  psuw  from 
the  meridian  of  Washington  to  that  of  San  Francisco,  it 
follows  that  when  it  is  noon  at  San  Francisco  it  is  threo 
o'clock  in  the  afternoon  at  Washington.* 

•  The  difference  of  longitude  thus  depentls  upon  the  angular  ditr 
lunee  of  termtrial  meridian;  aiid  not  upon  the  moUoi\  ot  &  ce\e»'Ot^\Mi^ , 
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The  wliole  problem  of  the  determination  of  terrestrial 

longitudefl  is  tlms  reduced  to  one  of  tllc^8e  two  :  eitlier 
to  lind  the  moment  of  Greenwich  or  Wiishington  time 
eorrcsponding  to  some  moment  <»f  time  at  tlie  place 
wliich  is  tc  he  determined,  or  to  find  the  time  rei[uired 
for  the  sun  or  a  star  to  move  from  t!ie  meridian  (^f  (ircen- 
wieh  or  Washington  to  that  of  the  place.  If  it  were 
possible  to  fire  a  gun  every  day  at  Washington  noon 
which  could  be  heard  in  an  instant  all  over  the  eartii, 
then  observers  everywhere,  with  instruments  to  deter- 
mine their  local  time  by  the  snn  or  bv  the  stars,  would  ho 
able  at  once  to  fix  tlieir  longitudes  hj  noting  the  hmir, 
niimite,  and  second  of  IocaI  time  at  which  the  gun  was 
heard.  As  a  matter  of  fact,  the  time  of  Wsishington  noon 
is  daily  sent  by  telegraph  to  many  telegniph  stations,  and 
an  observer  at  any  such  stiition  who  knows  his  local  time 
can  get  a  very  close  vahu;  uf  his  longitude  by  observing  the 
local  time  of  the  arrival  of  this  signid.  ilnnian  ingenuity 
has  for  several  centuries  been  exercised  in  the  effort  to  in- 
vent some  practical  way  of  accomplishing  the  eipiivalent 
of  such  a  signal  which  conld  be  used  anywhere  on  the 
earth.  The  British  Government  long  had  a  standing  offer 
of  a  reward  of  ten  thousand  pouiuls  to  any  |X'rson  who 
would  disi'fiver  a  practical  method  of  determining  the  lon- 
gitude at  sea  with  the  necessary  accuracy.  This  reward 
was  at  length  divided  Imtwccu  a  matlietnatician  who  con- 
structed improved  tallies  uf  the  morin's  motion  and  a 
mechanician  who  invented  an  improved  chronometer. 
Before  the  invention  of  the  telegraph  the  motion  of  the 
moon  and  the  transportation  of  ehronoiuetcrs  afforded 
ahuost  the  oidy  practicable  and  widely  extended  methods 
of  solving  the  ]n-obleni  in  (juestion.  The  invention  of 
the  telegraph  otfered  a  third,  far  more  perfect  in  its  appli- 

•nd  hence  the  lotifntude  of  a  p1ac«  is  the  same  whether  expressed  as  a 
diffcrt-nce  of  two  sidereal  timtis  or  of  two  sohir  times.  The  lonj^itude 
of  Wiishiui^Uin  wi-st  from  lirccuwii-h  is  .■)''  8'"  or  77 '.  ami  this  is.  in  fuel, 
the  ratio  of  the  nnuulnr  tlistanrc  of  rlii-  mcriitian  of  W'lisliinclon  from 
thiit  of  (irtt'nwiili  to  iiUU  or  24''.  It  is  thus  pliiin  lliiU  tin*  lonirittide  is 
the  dillereuce  of  the  siniultoiiuous  iociil  Limvs,  wlivthcr  solur  or  sidcrunL 


LONGITUDE  BT  CURONOMETBRS. 


37 


I 


cation,  but  necessarily  limited  to  places  in  telegi-uphic 
communication  with  each  other. 

Longitude  by  Motion  of  the  Moon. — IVlien  we  de- 
Bcribe  the  motion  of  the  moon,  we  sliiill  see  that,  it  moves 
eastward  among  the  stars  at  the  rate  of  about  thirteen  de- 
grees per  day,  more  or  less.  In  other  words,  its  right  as- 
cension is  constantly  increasing  at  the  rate  of  a  degree  in 
something  less  than  two  hours.  If,  then,  its  right  ascension 
can  be  predicted  in  advance  fur  each  hour  of  Greenwich 
or  Washington  time,  an  observer  at  any  point  of  the 
earth,  by  noting  the  local  time  at  hia  station,  when  the 
moon  has  any  given  right  ascension,  can  thence  determine 
the  corresponding  moment  of  Greenwich  time  ;  and  hence, 
from  the  difference  of  the  local  times,  the  longitude  of  his 
place.  The  moon  will  thus  serve  the  purpose  of  a  sort  of 
clock  running  on  Greenwich  time,  upon  the  face  of  which 
any  observer  with  the  proper  applianccB  can  read  the 
Greenwich  hour.  This  metliod  of  determining  h:)ngitHde8 
has  its  ditfii'ultie.s  and  drawbacks.  The  motion  of  the 
moon  is  so  slow  that  a  very  small  cliange  in  its  right  ascen- 
sion will  produce  a.  comparatively  large  one  in  the  Green- 
wich time  deduced  from  it — about  27  times  as  great  an 
error  in  the  deduced  longitudes  as  exists  in  the  determi- 
nation of  the  moon's  rigltt  a.scension.  With  such  instru- 
ments as  an  observer  can  cit^ily  carry  from  place  tu  place, 
it  is  hardly  possible  to  tletermine  the  moon's  right  ascen- 
sion within  five  seconds  of  arc  ;  and  an  error  of  this 
amount  will  produce  an  error  of  nine  seconds  in  the 
Greenwich  time,  and  hence  of  two  miles  or  more  in  his 
deduced  longituile.  Besides,  the  matiiematical  processes 
of  deducing  from  an  observed  riglit-asc.ension  of  the  moon 
the  corresponding  Greenwich  time  are,  under  ordinary 
circnmstances,  too  troublesome  and  laborious  to  make  this 
method  of  value  to  the  navigator. 

Transportation  of  Chronometers. — The  transportatiun 
of  chronometers  affords  a  simple  and  convenient  method 
of  obtaining  the  time  of  the  standard  meridian  at  any 
moment.     The  oljeerver  seta  his  chronometer  as.  weaxVj  ** 
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possible  on  Greeuwicli  or  Washington  time,  and  deter- 
tiiines  ita  correction  and  rate.  Tliia  he  can  do  at  any  sta- 
tion of  which  thu  longitude  is  correctly  known,  and  at 
wliich  the  local  time  can  Le  determined.  Then,  wherever 
he  travels,  ho  can  rejid  the  time  of  his  Btaiidard  ineritlian 
from  the  face  of  his  ehronometer  at  any  moment,  and 
compare  it  with  the  !oc;d  time  determined  with  his  transit 
instrnment  or  sextant.  The  principal  error  to  which  this 
method  is  snhject  arises  from  the  necessary  uncertainty  iu 
the  rate  of  even  the  best  cln'onometers.  This  is  the 
method  almost  univensally  used  at  sea  where  the  obje«t  is 
simply  to  get  an  ap])roxiniate  knowledge  of  the  ship's 
position. 

The  accnracy  can,  however,  be  increased  by  carrying  a 
large  ntinilier  of  ehrononieters,  or  by  repeating  the  de- 
tcnuination  a  nniibei'  of  times,  and  this  method  is  often 
employed  for  fixing  the  longitudes  of  seaports,  etc 
Between  the  years  1848  aiul  1855,  great  numbers  of  chro- 
nometers were  transported  on  the  Cunard  ste;iiners  plying 
between  Boston  and  Liverpool,  to  determine  the  dilTerence 
of  longitude  between  Greenwich  and  the  ('anibridgo  01>- 
servatory,  M;wsachusett.s.  At  Liverpool  the  chronometers 
were  carefidly  compared  with  Greenwich  time  at  a  IocaI 
observatory — that  is,  the  astronomer  at  Liverjxiol  found 
tlie  error  of  the  chronometer  on  its  arrival  in  the  ship, 
and  then  again  wlien  the  ship  was  about  to  sail.  When 
the  chrojiometer  re:iched  Boston,  in  like  manner  its  error 
on  {'aml)ridge  time  was  determined,  and  the  determination 
was  repeated  when  the  ship  was  about  to  rotuni.  Having 
a  mimbcr  of  8u<'h  determinations  made  alternately  on  the 
two  sides  of  the  Atlantic,  the  rates  of  the  clironumeters 
couM  Ikj  determined  for  each  double  voyage,  and  thus  the 
error  on  Gi-eenwich  time  could  be  calculated  for  tlio  mo- 
ment of  each  Cambridge  comparison,  and  the  moment  of 
Oambridgo  time  for  eacli  Greenwich  comparison. 

Longitude  by  the  Eleotrio  Telegraph. — As  soon  as  the 
electric  tele^'raph  was  introduced  it  was  seen  by  American 
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astronomers  that  we  here  had  a  metliod  of  determining 
longitudes  which  for  rapidity  and  coiiveuieiice  would 
supersede  all  others.  The  first  appliiation  of  this  method 
waa  made  in  1S4-1:  hetweeu  Wasliingtou  and  Baltimore, 
under  the  direction  of  the  late  Admiral  Charles  Wilkes, 
U.  S.  N.  During  the  next  two  years  the  method  was  intro- 
duced into  the  Coast  Survey,  and  the  difference  of  longitude 
between  New  York,  Philadelphia,  and  Washington  wa« 
thus  determined,  and  since  that  time  this  method  hiis  had 
wide  extension  not  otdy  in  the  United  States,  hut  between 
America  and  Europe,  in  Europe  itself,  in  the  East  and  West 
Indies,  and  South  America.  The  principle  of  the  method 
is  extremely  simple.  Each  place,  of  which  the  difference  of 
time  (or  longitude)  is  to  be  determined,  is  furnished  with  a 
transit  instrument,  a  clock  and  a  chronograph  ;  instruments 
described  in  the  next  chapter.  Each  clock  is  placed  in 
galvanic  communication  not  only  with  its  own  chronograph, 
but  if  necessary  is  so  coniicictol  with  the  telegraph  wires 
that  it  can  record  its  own  heat  upon  a  chronograph  at  the 
other  station.  The  observer,  looking  into  the  telescope 
and  noting  the  crossing  of  the  stai-s  over  the  meridian, 
can,  by  his  signals,  record  the  instant  of  traiwit  bi)th  on  his 
own  chronograph  and  on  that  of  the  other  station.  The 
plan  of  making  a  detennination  between  Philadelphia  and 
Washington,  for  instance,  was  essentially  this  :  When 
some  previously  selected  star  rwichcd  the  meridian  at  Phil- 
adelphia, the  observer  pointed  his  transit  upon  it,  imd  as 
it  crossed  the  wires,  recorded  the  signal  of  time  not  only 
on  his  own  chronograph,  but  on  that  at  Washington. 
About  eight  minutes  afterward  the  star  reached  the 
meridian  at  Wiishington,  and  there  the  observer  recorded 
its  transit  both  on  his  own  chronograph  and  on  that  at 
Philadelphia.  The  interval  Ijctween  the  transit  over  the 
two  j>lace8,  as  measured  by  either  sidereal  clock,  at  once 
gave  the  difference  of  longitude.  If  the  record  waa  in- 
stantaneous at  the  two  stations,  this  interval  ouglit  to  be 
the  same,  whether  read  off  the  Philadelphia  or  the  Wash- 


40  ASTRONOMY. 

ington  clironogniph.  It  was  found,  however,  that  there 
was  a  difference  of  a  fiiiiall  fraction  of  n  second,  arising 
from  the  fact  tliat  electricity  required  au  interval  of  time, 
minute  but  yet  ap])reeial)lc,  to  psws  between  the  two 
cities.  The  Phihidelphia  record  was  a  little  too  late  in 
being  recorded  at  Wasliingtcwi,  and  the  WitKliin<jt(»n  one  a 
little  too  late  in  being  recorded  at  Pbihidelphia.  We 
may  illustrate  this  liy  an  example  as  follows  ; 

Supj>ose  E  to  lie  a  station  one  degree  of  longitude  east 
of  another  station,  W  ;  and  that  at  each  station  there  is  a 
clock  exactly  regulated  to  the  time  of  its  own  place,  in 
which  case  the  clock  at  E  will  be  of  course  four  minntes 
fast  of  the  clock  at  W  ;  let  us  also  suppi>se  that  a  signal 
takes  a  quarter  of  a  second  to  jjass  from  one  station  to  the 
other  : 

Then  if  the  observer  at  E  sends  a  signal  to  W  at  exactly 

noon  by  his  clock IS*    0"  O'.OO 

It  will  be'  received  at  W  at 1 U  56~  0'.25 

Showing  an  apparent  difTercncc  of  time  of 3"  69*.75 

Then  if  the  observer  at  W  sends  a  signal  at  noon  by  his 

clock   12'"  0"  O'.OO 

It  will  be  received  at  E  at  12''  4"  Ov2fi 

Showing  an  apparent  diR'erence  of  time  of 4**  0*.25 

One  half  the  sum  of  these  differences  is  four  minutes, 
which  is  exactly  the  difference  of  time,  or  one  degree  of 
longitude  ;  and  one  half  their  difference  is  twenty-tivo 
hundredths  of  a  second,  the  time  taken  by  the  electric  im- 
pulse to  traverse  the  wire  and  telegra]>h  instruments. 

This  is  technically  called  the  "  wave  aud  armature 
time." 

We  have  seen  that  if  a  signal  could  be  made  at  Wash- 
ington noon,  and  observed  by  an  oljserver  anywhere  sit- 
uated who  knew  the  local  time  of  his  station,  bis  longi- 
tude would  tlins  become  known.  This  principle  is  often 
employed  in  methods  of  detennining  longitude  other  thau 
those  named.     For  example,  the  tustant  of  the  beginning 
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and  ending  of  an  eclipse  of  the  sun  (by  the  moon)  is  a 
perfectly  delinito  phenoiniiuon.  If  this  is  ohscrved  by 
two  observers,  and  these  instants  noted  by  each  in  the 
local  time  of  his  station,  then  the  difference  of  these 
local  times  (subject  to  small  corrections,  due  to  parallax, 
etc.)  will  lie  the  difference  of  longitude  of  tlie  two  sta- 
tions. 

The  satellites  of  Jupiter  suflEer  eclipses  frequently,  and 
tl»e  Greenwich  and  Washington  times  of  these  phenomena 
are  computed  and  set  down  in  the  Nautical  Almanac.  Ob- 
servations of  these  at  any  station  will  also  give  the  differ- 
,  ence  of  longitude  between  this  station  and  Greenwich  or 
Washington.  As,  however,  they  require  a  larger  tele- 
scope and  a  higher  magnifying  power  than  can  be  used  at 
sea,  tliis  method  is  not  a  practical  one  for  navigators. 


§10. 


MATHEMATICAL  THEOBY  OF  THE  CELESTIAL 
8FHEBE. 


In  this  explanation  of  tlic  inalhetnatioal  theory  of  the  relations  of 
the  hesTenly  liculies  to  circles  on  tliu  sphere,  an  acqimintum-e  willi 
spherical  trigonometry  on  tiie  )mrt  of  llie  reader  is  neces.-fariiy  |iro- 
DuppoHed.  The  general  inethoil  by  which  llie  ])i)sition  of  a  point  oa 
the  sphere  ih  refirred  to  lixod  points  or  circles  is  as  follow.s : 

A  funilamental  grout  circle   K  V  Q,  Fig.  VI  is  talteti  as  n  Imsis, 

and  the  first  co-ordionte*  of  the  Imdy  is  ils  angular  ttistitnie  from 

[this  circle.     When  the  earth's  equiilor  is  taken  us  the  fundameiiUi! 

(circle,  this  distanctt  is  on  the  earth'!)  surface  c:illeil  LutltiiJr:  ;  on  the 

leelestial  sphere  the  corresponding  <listanco  is  ealleil  Iteclinaliau.     If 

[the  horizon  is  taken  as  the  fundamental  circle  the  distance  is  c.illed 

I  AUituth.     Altitude  is  therefore  angular  distance  above  the  horizon. 

|To  distinguish  between  distances  on  opposite  .sides  of  the  circle,  dis- 

Jtances  on  one  side  are  regarded  as  algebraically  positive  quanlities, 

land  on  the  other  side  as  uegiUive.     In  the  case   of  the  equator  the 

|tx>rth  side,  and  in  that  of  the  horizon  tlic  upper  .side,  are  considered 

ositive.     Hence,  if  a  body  is  below  the  horizon  its  altitude  is  ncga- 

e,  and  the  latitude  of  a  city  south  of  the  earth's  equator  is,  in 

Btronomical  language,  considered  as  negative. 

Instead  of  the  co-ordinate  we  have  described,  another  culled  zenith 

or  polar  distance  is  frequently  enipluyod.     The  fundamental  circle  is 

•  The  eimrdlnata  of  a  body  are  tboM  mMmra*.  whether  of  ingles  or  linn,  which 
deflne  lt<  ptxltlon .  Fur  liifUiico.  tho  |;iM>.;raphleal  cu  onlinalei  ttt  a  city  are  lu 
lalltad*  aod  lonjcitude.  'I'ti  fix  a  |>()*.itiiiit  imi  u  Hpbrri:  ur  uthur  aurfWcr,  two  cu-ordl- 
luUai  art  uecMury,  wbilu  lu  ip^ice  thn;«  aie  rcqutrud. 
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everywhere  00"  from  its  positive  pole,  P.     Hence,  if  A  is  the  position 

of  a  Htar  or  ollinr  point  on  the 
sphere,  and  we  put 

i,    its    declination    or   altitude, 
=  a  A. 

p,  its  polar  or   xenith  distance 
^PA,  wc  shall  have 


or, 


i+p=  90', 
p=90''-d. 


If  the  star  is  south  of  the 
fiindamonlal  circle,  at  B  for  ex- 
ain])lc,  i'  being  negative />  will  ex- 
ceed OO".  Tliis  quantity  /'  may 
range  from  zero  »t  the  one  pule 
Fio.  13.  to  180°  at  the  other,  and  will  al- 

ways Ub  algebraically  potsitive. 
It  is  OQ  this  account  to  he  preferred  to  i,  though  less  frequently 
used. 

II.  The  second  co-ordinate  required  to  llx  a  po.'^ition  on  the  celes- 
tial or  terrestrial  sphere  is  lontjilitih  rl'jhl  mcennion,  or  azimuth,  ac- 
conling  to  the  fundamental  plane  adupieil.  It  is  expressed  hy  the 
position  of  the  great  circle  or  iiicriilian  P  A  a  P  which  passes 
thrmigh  the  position  from  one  pole  to  the  other,  at  right  angles  to 
the  fundamental  circle.  An  arbitinry  jioint,  1' for  instance,  ischasen 
on  this  latter  circle,  and  the  loii|j;iluile  is  the  angle  Vn,  from  this 
point  lo  the  intersection  of  llic  ineridiun  or  vertical  circle  passing 
through  the  object.  Wc  may  also  consider  it  as  the  angle  \'  P  A 
which  the  circle  passing  through  the  object  makes  with  the  circle 
P  V,  because  this  angle  is  equal 
to  y a.  The  angle  is  commonly 
counted  from  I'  toward  the  right, 
and  from  0'  round  to  3(J0',  so  ns 
to  avoid  using  negative  angles. 
If  the  observer  is  stationed  in 
the  centre  of  the  sphere,  with  his 
head  toward  the  positive  pole  P, 
tlie  positive  direction  should  bo 
from  right  to  left  around  the 
sphere.  When  the  horizon  is 
taken  as  the  fundamental  circle 
or  plane,  this  secondary  co-ordi- 
nate is  called  the  azimuth,  and 
should  be  counted  from  the  south 
point  toward  east,  or  from  the 
north  point  toward  west,  but  is 
commonly  counted  the  other  way.  It  may  lie  defined  as  the  angular 
distance  of  the  verlicnl  circle  passing  through  the  object  from  the 
■oulh  point  of  the  horizon. 
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The  hour  angle  of  a  star  is  nveasured  by  the  interval  wliich  has 
clapse<l,  or  the  angle  through  which  the  earth  1ms  revolved  on  its 
axis,  since  the  star  crossed  the  nieriiiiiin,  In  F'ig.  13  Z  being  tho 
sonith  and  /'  the  pole,  the  angle  X  P  H  \s  the  hour  angle  of  tho  star 
8.     This  Bii);le  is  measureil  at  the  i>ole.     If  we  put 

r,  the  sidereal  time, 

a,  the  right  ascension  of  the  object,  we  shall  have 

Hour  angle,  A  =  r  —  a. 

It  will  be  negative  before  the  object  has  passed  the  meridian,  and 
positive  afterwiird.  It  difters  from  right  ascension  only  in  the  point 
iroin  which  it  is  reckone<l,  and  llio  direction  which  is  considered 
positive.  The  right  ascension  is  measured  toward  the  east  from  a 
point  (the  vernal  equinox)  which  is  fixed  among  the  stars,  while  the 
hour  angle  is  measured  toward  the  west  from  the  meridian  of  the 
observer,  which  meridian  is  constantly  in  motion,  owing  to  the 
earth's  rotation. 

We  have  ncst  to  show  the  trigonometrical  relations  which  subsist 
between  tho  hour  angle,   declination,    altitude,    and  azimuth.     Let 


Fio.  14. 


Pig.  14  be  a  view  of  the  celestial  hemisphere  which  is  abore  the 
horizon,  as  seen  from  the  east.     We  then  have : 

HER  ir,  the  horizon. 

P,  the  pole. 

^,  the  zenith  of  tho  observer. 

H  M  Z  ]'  A',  the  meridian  of  tho  observer. 

P  R,  the  latitude  of  the  oliserver,  which  call  #. 

2  P,  =  90'  —  0,  the  co-latitude. 

P  8,  tho  north  potur  distimcc  of  the  star  =:  00°  —  declination. 

T  8,  its  altitude,  which  call  /i. 

Z  S,  its  zenith  distance  =  'M    —  a. 

M  Z8,Ha  azimuth,  =  1«0    —  angle  .S"  Z  P. 

Z  P  8,  ita  hour  angle,  which  call  A. 

The  spherical  triangle  Z  P  8,  of  which  the  angles  are  formed   bjr 


44 


ASTRONOMr. 


the  xcnilh,  the  pnio,  and  the  star,  is  the  fundamental  Irianglo  of  ou» 
problem.  The  iHttor,  ns  conitaonly  solve*!,  may  be  {mt  into  two  forms. 

I.  Givtn  the  latitude  of  the  place,  the  derlination  or  polnr  dis- 
tance of  the  star,  and  its  hour  anj^ie,  to  lind  its  idtitutlc  and  azimuth. 

We  have,  by  spherical  trigonometry,  considering  the  angles  and 
sides  of  the  triangle  Z  P  S  : 

con  Z  S  =  coa  PZ  COS  PS+  sm  P  Z  s\n  P  S  cos  P. 
an  Z  S  cos  Z  =  tia  P  Z  cos  P8  —  cos  P  Z  sin  P  8  cos  P. 
sin  Z  S  sin  Z  =  sin  /'  8  sin  P. 

By  the  above  deflnitiona, 

Z  8  =  90"  —  a,  (fi  being  the  altitiide  of  the  star). 
PZ  =90"  —  t,  (()  being  the  l.itltinle  of  the  place). 
PS  =  W)'  —  (I,  ('I  being  the  decliniition  of  the  star,  +  when  north) 

P  =  It,  the  hour  angle. 

Z  =  180'  —  z,  («  being  the  azimuth). 

Making  these  substitutions,  the  equation  becomes : 

sin  a  =  sin  ^  sin  •'  -f  cos  ^  cos  i  cos  A. 
cos  a  cos  I  =  —  cos  ♦  sin  <1  +  sin  ^  cos  i  cos  h. 
cos  a  sin  i  =  *    cos  <3  ain  A. 

From  these  ei|ualions  sin  a  and  cos  a  may  be  ohtiiined  separately, 
anil,  if  (he  cnniputatinn  is  correct,  they  will  give  ihc  same  value  of  a. 
If  the  akituile  only  is  wanted,  it  may  l>c  obtained  fium  the  tirst 
cqualioi)  rIoiic,  which  may  be  transformed  in  various  ways,  explained 
in  works  on  trigonometry. 

II.  Given  the  latitude  of  the  place,  the  declination  of  a  star,  and 
it;  alliUi'lc  above  the  horixon,  to  tind  i's  hour  nngle  and  (if  its  right 
a--ccnsion  is  known)  the  sidereal  lin-.c  when  it  hud  the  given  altitude. 

We  tind  from  the  first  of  the  above  c(|uations, 

,       sin  a  —  sin  «  sin  ■) 

ooa  A= — ^T — ; 

coe  f  006  o 


rr  we  may  use : 


ein*ih  =  i 


coa  (^  —  <J)  —  sin  a 


cos  f  coa  d 

Having  thus  found  A,  we  have 

Sidereal  time  =  h  +  (t, 

r(  )>eing  the  star's  right  ascension,  and  the  hour  angle  A  being  changed 
into  time  by  dividing  by  15. 

ni.  An  inleresliiig  form  of  this  last  problem  arises  when  wo  sup- 
jHMa  li  =  0,  which  is  the  same  tiling  as  supposing  tlic  star  to  b«  ia 
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the  horizon,  and  therefore  to  be  rising  or  setting.  The  ralue  of  h 
will  then  be  the  hour  angle  at  which  it  rises  or  sets  ;  or  being 
changed  to  time  by  dividing  by  15,  it  will  be  the  interval  of  sidereal 
time  between  its  rising  and  its  passage  over  the  meridian,  or  be- 
tween this  passage  and  its  setting.  This  interval  is  called  the  umir 
diurnal  are,  and  by  doubting  it 
we  have  the  time  between  the 
rising  and  setting  of  the  star  or 
other  object  Putting  a  =  0  in 
the  preceding  expression  for  cos 
h  we  find  for  the  semi-diurnal 
arc  h, 

.  sin  ^  Bin  d 

COB  A  = -, 

cos  ^  cos  0 

=  —  tan  ^  tan  d, 

and  the  arc  during  which    the 
star  is  above  the  horizon  is  2  h. 

From  this  formula  may  be 
deduced  at  once  many  of  the 
results  given  in  the  preceding 
sections. 

(1).  At  the  poles  «  =  90°, 
tan  ^  =  infinity,  and  therefore  cos  A  =  infinity.  But  the  cosine  of 
•n  angle  can  never  be  greater  than  unity  ;  there  is  therefore  no  value 
of  h  which  fullils  the  condition.  Hence,  a  star  at  the  pole  can 
neither  rise  nor  set. 

(3).  At  the  earth's  equator  *  =  0°,  tan  ^)  =  0,  whence  cos  A  =  0, 
h  =  90",  and  2  A  =  180',  whatever  be  i).  This  being  a  semicircum- 
ferenceall  the  heavenly  boflies  are  half  the  time  above  the  horizon  to 
an  observer  on  the  equatJir. 

(8).  If  (J  =  0  (that  i.t,  if  the  star  ia  on  the  celestial  equator),  then 
tan  (5  =  0,  and  cosh  =  (},h  —  SW\  2  A  =  ISO",  so  that  ail  stars  on 
the  equator  are  half  the  time  above  the  horizon,  whatever  be  the  lati- 
tude of  the  observer.  Here  we  except  tlie  pole,  where,  in  this  case, 
tan  9  tan  (5  =  ct  x  0,  nn  indeterminate  quantity.  In  fact,  a  star  on 
the  celestial  equator  will,  at  the  pole  of  the  earth,  seem  to  move  round 
in  the  hcirizon. 

(4).  The  above  value  of  cos  k  may  be  expressed  in  the  form : 


FlO.  15.— UPPEK  AND  LOWER  DrtTE- 
NAL  ABC8. 


COS  A  =  — 


tan  i 
cot  9 


tan  6 


Un  (UO'  —  9) 


This  shows  that  when  S  lies  outside  the  limits  +  (B0°  —  ^)  and 
—  (90°  —  ♦),  cos  A  will  lie  without  the  limits  —  1  and  +  I,  and 
there  will  be  no  value  of  h  to  correspond.  Hence,  in  this  case,  the 
stars  neillier  rise  nor  set  These  limits  correspond  to  those  of  per- 
petual apparition  and  perpetual  disappearance. 

(6).  In  the  northern  hemisphere  ^  and  tan.  9  arc  positive.  Then, 
when  i  is  positive,  cos  fi  is  negative,  and  A  >  90°,  3  A  >  180*.    With 
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negative  S,  cog  h  is  positire,  A  <  90°,  2  A  <  180'.  Heoce,  in  north- 
em  latitudes,  a  northern  star  is  more  than  half  of  the  time  above  the 
horizon,  and  a  southern  star  less.  In  the  southern  hemisphere,  ^  and 
Ian  <!>  are  negative,  and  the  case  is  reversed. 

(<\i.  ir,  in  the  jireceding  case,  the  declination  of  a  body  is  supposed 
constant  and  north,  tiii'n  the  greater  we  make  <f  the  greater  the  nega- 
tive value  of  cos  A  and  the  greater  A  itself  will  bo.  Considering,  in 
succession,  the  cases  of  north  and  .south  declination  and  north  and 
south  lalitude,  we  readily  see  that  the  f.irther  we  go  to  the  mirth  on 
the  earth,  the  longer  bodies  of  north  declination  remain  above  the 
horizon,  and  the  more  cjiiickly  those  of  south  declination  set.  In  the 
.southern  beniisphore  the  reverse  is  true.  Thu.s  in  the  month  of 
Juno,  when  the  sun  is  north  of  the  cijualor,  the  dnys  are  shortest 
near  the  south  pole,  and  continually  increase  in  length  as  we  go  north. 

Examples. 

(1).  On  April  9,  1870,  at  Washington,  the  altitude  of  Rigcl  above 
the  west  horizon  was  o1merve<l  to  be  12    25'.     Its  position  was: 

Right  nscen-ion  =  5''  8""  44'-27  =  a. 

Declination  =  —  8°  20  36"   =  •'. 

The  latitude  of  Washington  is  +  38°  63'  39'  =  ♦. 

What  was  the  hour  angle  of  the  star,  and  the  sidereal  time  of  ob- 
servation r 

Igsinu  =        9-332478 

Igsin  ^  =       9-797879 
Igsin  i=  —  9- 161681 

—  Ig  sin  ^  sin  <J  =        8- 951*500 

—  8in^sin<I=       0  OiillOO 
8inrt=       0-215020 


sin  a  —  sin  ^  sin  <?  =  0-300129 

lgco8«=  0-891131 

IgcosJ^  9-995379 

Ig  COB  ^  cos  <t  =  9-88<{530 

Ig  (sin  a  —  sin  «  sin  <?,  =  9-486905 

IgcoB  A  =  0- 599875 


A  = 
A  -*-  16   = 

a   := 

sidereal  time  = 


66'  »4'  33' 
4''  26™  18'.20 
61"    8-44'.27 
0'  85"    2'.47 


(2\  Hail  the  star  been  observed  at  th<>  same  altitude-in  the  east, 
what  would  have  been   the  sidereal  time? 
Ana.    a  —  A  =  0»  43-  26'.07. 
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(3).  At  what  sidereal  time  does  Rigcl  rise,  and  at  what  sidereal 
time  does  it  set  in  the  latitude  of  Wellington  ? 
—  Ig  ^  =  —  « ■  •i(((»728 

tgd  =  —  9i6e;joi 


cos  A  =  —  0  073029 

h  =     83    13'  W 
h  -r  15  =       5'' 32'"  49-.27 
a  =       5'-    8-  44\27 


rises  23'  35"  S.l'.OO 
sets  10''41»'33'.54 

(4).  What  is  the  greatest  nltitude  of  Rigel  alMve  the  honzon  of 
Washington,  and  what  is  its  greatest  depression  kwlow  it  V  Ans. 
Altitude=42   46'  45'  ;  (lei)resston  =  50    26'  57'. 

(5).  What  is  the  greatest  altitude  of  a  star  on  the  equator  in  the 
meridian  of  Washington  ?    Ans.  SI  '  6'  21'. 

(6.1.  The  declination  of  the  pointer  in  the  Ureal  Bear  which  is 
nearest  the  \>o\e  is  S2'  30'  N.,at  what  altitude  docs  it  pass  above 
the  pole  at  Washington,  and  at  what  attitude  docs  it  pass  below  itf 
Ans.  66'  23'  39'  above  the  pole,  and  H    33'  3(f  when  below  it. 

(7).  If  the  dechnation  of  a  stiir  is  50'  N  ,  what  length  of  sidereal 
time  is  it  above  the  horizon  of  Washington  and  what  length  below  it 
during  its  apparent  diunial  circuit?  Ans.  Above,  Sl''62'";  below, 
2".  8-. 

8   11.    DETERMTNATlOlf    OF    LATTTtrDBS    ON    THE 
BABTH  BY  ASTRONOMICAL  OBSEBVATIONS. 

Latitude  from  circuinjjohir  tlnrt. — In  Fig.  10  let  ^  represent  the 
zenith  uf  the  place  of  observation,  P  the  pole,  and  HPZ  R  the  me- 
ridian, the  observer  t)eing  at  the 
centre  of  the  sphere.  Siuppuse 
iS'and  i<'  to  be  the  two  points 
at  which  a  circum  polar  .star 
I  crosses  the  meridian  in  the  de- 
scription of  its  apparent  di'jriial 
orbit.  Then,  since  P  is  midway 
between  S  and  S, 

ZS  +  Zif       „„      ^ 
2 =  ZP=90'-^. 

or, 

^  +  ^'      „«« 
^-  =  90°-^. 

If,  (hen,  we  can  measure  the  dis- 
Unces  Z  and  Z,  we  have 


f  =  9o°- 


^r-^z' 


which  Berves  to  determine  ^,    The  distances  Z  and  Z"  can  be  meu- 


48 


ASTRONOMY. 


ured  by  the  meridian  circle  or  the  sextant — both  of  which  instru- 
mcnls  are  dascntjcd  in  tfie  next  chapter — and  thu  lalitudc  is  then 
known.  Zand  ^' must  bo  freed  from  the  tffLcts  of  refniction.  In 
this  method  no  previous  knowledge  of  the  star's  dedination  is  re- 
quired, provided  it  remains  constant  between  the  upper  and  lower 
b-ansit,  wliich  is  the  case  for  fixed  stars. 

Latitude  by  Circiim-zenith  Observationa.— If  two  stars 
B  and  .S",  whose  declinations  S  and  S  nre  known,  cross  the  tneridiun, 
one  north  and  the  other  south  of  the  zenith,  at  zenith  distances  X  8 

and  Z.f,  which  call  2  and  2',  and 
if  we  have  measured  Z  and  Z,  we 
can  from  such  measures  tind  the 
latitude  ;  for  «>  =  d  +  Z and  ^  = 
i'  —  Z,  whence 

9  =  H« +  ')')  + (^-^]- 
It  will  be  noted  that  in  this  meth- 
nil  the  latitude  depends  simply 
upon  the  mean  of  two  declinations 
which  cim  be  determined  before- 
hand, and  only  requires  the  differ- 
ence of  zenith  distances  to  bo  ac- 
curately measured,  while  the  ab- 
solute value.s  of  (hcsu  nre  unknown.  In  this  consists  its  advantage. 
Latitude  by  a  Single  Altitude  of  a  Star.— In  the  triangle 
Z V S  ( Fig.  1 4 )  the  sides  arc  ZI^  =  IHJ '  -  ^ ;  i'  .V  =  00°  —  i) ;  ZS  = 
Z—  90  —  <i\  ZI'H  =  h  =  the  hour-angle.  If  we  can  measure  at 
any  known  sidereal  time  'J  the  altitude  a  of  the  star  S,  and  if  wo 
further  know  the  right  ascension,  ir.  and  the  declination,  i,  of  the 
body  (to  l>e  derived  from  the  Nautical  Almanac  or  a  catalogue  of 
Btars),  then  we  have  from  the  triangle 

sin  a  =  sin  ^  ein  >1  -f-  rog  ^  cos  i)  cos  h  (1) 

a  and  i  are  known,  and  h  =  8  —  a,  so  that  ^  is  the  only  unknown. 

Put 

f/  sin  D  =  sin  A  (2) 

d  cos  D  =  cos  i  cos  h,  (8) 

whence  A  and  D  are  known,  and  (1 )  becomes 

d  cos  (^  —  !>)  =  sin  n,  (4) 

whence  *  —  D  and  ^  arc  known.  The  altitude  n  is  usually  measured 
with  a  sextant. 

Latitude  by  a  Meridian  Altitude.— If  the  altitude  of  the 
body  is  observed  on  the  meridian  and  south  of  the  Ecnith,  the  equa- 
tiuu  above  becomes,  since  A  =  0  iu  this  case, 

sin  9  =  sin  a  sin  it  -t-  cos  <i  cos  <l, 
or, 

sin  ^  =  cos  (a  —  il) .".  f  =  90°  —  a  -^  <>, 

which  is  evidently  the  simplest  method  of  obtaining  ^  from  •  mcas- 
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ured  ftltitmlc  of  a  body  of  known  ileclination.  The  last  method  is  that 
c'omtnouly  uijed  at  nt&,  the  ultitude  beiug  measured  by  tlie  sextaat, 
The  student  can  deduce  the  formula  for  a  north  xenith-distanco. 


S  12.    PARATiT.AY  AlfD  SEMIDIAMETER, 

An  observation  of  the  apparent  po!<itioii  of  a  heavenly 
body  can  give  only  the  direction  in  which  it  Ues  from  the 
station  occupied  by  the  observer  without  any  direct  indi- 
cation of  the  distance.  It  is  evident  that  two  ohservere 
stationed  in  different  parts  of  the  earth  will  not  see  such 
a  body  in  the  same  direction.     In  Fig.  18,  let  -S'  be  a  sta- 
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Flo.    18. — FAHALL\X. 

tion  on  the  earth,  P  a  planet,  Z'  the  zenith  of  &,  and  the 
outer  arc  a  part  of  the  celestial  sphere.  An  ohscrviition 
of  the  apparent  right  ascension  and  declination  of  /'taken 
from  the  station  if  will  give  us  an  apparent  position  P'. 
A  similar  observation  at  .S"  will  give  an  ajtpan'tit  position 
P',  while  if  seen  from  the  centre  of  the  earth  the  appar- 

■  ent  position  would  be  /*,.  The  angles  P"  P  P,  and 
I  P'  P  /■*,,  which  represent  the  differences  of  direction,  are 
I  called  purallaxea.  It  is  clear  that  the  panillux  of  a  Ixxly 
I  de}>end6  upon  its  distance  from  tlie  earth,  being  greater 
I       the  nearer  it  is  to  the  earth. 

I  The  word  paraU^ix  having  several  distinct  applicjitions, 

■  we  shall  gi>>B  them  in  order,  eouuuencing  with  the  most 
I       general  signification. 


ibJ 
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(1.)  In  itfl  most  g;enenil  acceptation,  parallax  is  the  differ- 
ence between  tliu  directions  of  a  body  as  seen  from  two 
dilTerent  stiiiulpoiats.  This  difference  is  evidently  equal 
to  tlie  angit!  made  between  two  lines,  one  drawn  from  each 
point  of  oljservation  to  the  body.  Thus  in  Fig.  18  the 
ditTerence  between  the  direction  of  the  body  P  as  seen 
from  6' and  from  f^  iseijnal  to  the  angle  P'  P  /*,,  and  tliis 
again  is  e<]iial  to  its  oj)posite  angle  S  P  V.  This  angle  is, 
however,  the  angle  between  the  two  points  C  and  *!?'  as 
seen  from  P :  we  may  therefore  refer  this  most  general 
definition  of  parallax  to  the  body  itself,  and  define  parallax 
as  the  angle  subtended  by  the  line  between  two  stations  as 
seen  from  a  heavenly  body. 

(2.)  In  a  more  restricted  sense,  one  of  the  two  stations  is 
supposed  to  be  sonic  centre  of  ]K)sition  from  which  we 
inniginc  the  body  to  be  viewed,  and  the  parallax  is  tlie 
difference  between  the  direction  of  the  body  from  this 
centre  and  its  direction  from  some  other  point.  Thus 
the  parallax  of  whicli  we  have  just  sjKiken  is  the  differ- 
ence between  the  direction  of  the  body  as  seen  from  the 
centre  of  the  eurth  C  and  from  a  point  on  its  surface  as  "y. 
If  the  observer  at  any  station  on  the  earth  determines 
the  exact  direction  of  a  body,  tlie  parallax  of  which  we 
speak  is  the  correction  to  be  applied  to  that  direction  in 
order  to  reduce  it  to  what  it  would  have  been  had  the  ob- 
servation been  niaile  at  the  centre  of  the  eartli.  OI>6cr- 
vations  made  at  different  poiuLs  on  the  earth's  surface  are 
comimred  by  rednciug  tliein  all  to  the  centre  of  the  earth. 

We  may  also  suppose  the  |M>int  d' to  be  t!ie  sun  and  the 
circle  »S'  S"  to  Ite  the  earth's  orbit  around  it.  The  paral- 
lax will  then  ]*e  the  difference  lietween  the  directions  of 
the  bo<ly  as  seen  from  the  earth  and  from  the  sun.  This 
is  tenned  the  atmunl  jHirallax,  liecause,  owing  to  the  an- 
nual revolution  of  the  earth,  it  goes  through  its  j>eriod 
in  a  year,  always  supjKJsing  the  body  observed  to  bo  at 
rest. 

(3.)  A  yet  more  restricted  parallax  is  the  horizontal 
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parallax  of  a  heavenly  body.  The  parallax  first  described 
in  the  last  panigRiph  varies  with  tlie  position  of  the  ob- 
Berver  on  the  surface  of  the  earth,  and  has  its  greatest 
value  when  the  body  is  seen  in  the  horizon  of  the  ob- 
server, as  may  be  seen  by  an  inspection  of  Fig.  19,  in 
which  the  angle  C  P -S  attains  its  inaxiunim  when  the  line 
PS  is  tangent  to  the  earth's  surface,  in  wliieh  case  i-* 
will  appear  in  the  horizon  of  the  observer  at  S. 


FlQ.    19. — HORIZONTAL    FAAAXLAX 

Tlie  horizontal  jiarallax  de|x;nd8  upon  the  distance  of  a 
body  in  the  following  manner:  hi  the  triangle  VPS, 
right-angled  at  S,  we  liave 

CS=  C'P  sin  CPS. 

If,  then,  wc  put 

p,  the  radius  of  the  earth  OS; 

r,  the  distance  of  the  body  P  from  the  centre  of  the 
earth  ; 

w,  the  angle  S  P  C,  or  the  horizontal  paralla.x, 

we  shall  have, 

p 

p  =z  r  Bin  71;    r  =  — : 

sin  n 

Since  the  earth  is  not  perfectly  spherical,  the  quantity  p 
is  not  absolutely  constant  for  all  parts  of  the  earth,  and  ita 
greatest  value  is  UHually  taken  as  that  to  which  the  hori- 
zontal value  shall  be  referred.  This  greatest  value  is,  as 
we  shall  hereafter  see,  the  nidi  us  of  the  etpator,  and  the 
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corresponding  value  of  the  parallax  is  therefore  called  the 
equuturial  /tori-zontaf  jxtraUaic. 

When  the  distance  /•  of  the  bodj  is  known,  the  equa- 
torial liorizontal  parallax  can  be  found  by  the  first  of  the 
above  equations  ;  when  the  parallax  can  be  observed,  the 
distance  r  is  found  from  the  second  equation.  How  this 
is  done  will  be  described  in  treating  tlie  subject  of  celes- 
tial measurement. 

It  is  easily  seen  that  the  equatonal  horizontal  parallax, 
or  the  angle  C  P  S,  is  the  same  as  the  angular  semi- 
diameter  of  the  eartli  seen  from  the  object  P.  In  fact, 
if  we  draw  the  line  /*  S"  tangent  to  the  earth  at  «?,  the 
angle  S  P  S"  will  be  the  apparent  angular  diameter  of  the 
earth  as  seen  from  /*,  and  wiU  also  be  double  the  angle 
C P  S.  The  apparent  semi-diameter  of  a  heavenly  body 
is  tlierefore  given  by  the  same  fonnulae  a«  the  parallax, 
its  own  radius  being  substituted  fur  that  of  the  earth.  If 
we  put, 

/O,  the  radius  of  the  body  in  linear  measure  ; 

r,  the  distance  of  its  centre  fa>m  tlie  olwerver,  expressed 
in  the  siune  measure  ; 

8,  its  angular  semi -diameter,  as  seen  by  the  observer  ; 
we  shall  have, 

p 
Bin  a  =  -. 
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If  we  measure  the  semi-diaraeter  *,  and  know  the  dis- 
tance, r,  the  radius  of  the  body  will  be 

/o  =  r  sin  a. 

Generally  the  angular  semi -diameters  of  the  heavenly' 
iMjdies  are  so  small  that  tbey  may  be  consiitered  the  same 
as  their  sines.     We  may  therefore  say  that  the  apparoJit 
angidar  diameter  of  a  heavenly  body  varies  inversely  as 
its  diutauce. 


CHAPTER   II. 


ASTRONOMICAL  INSTRUMENTa 


g  1.    THE   Bi!FRAC?nNrO  TELESCOPE. 

In  explaining  the  theory  and  iise  of  the  refracting  tele- 
scope, we  shall  assume  that  the  reader  is  acquainted  with 
the  fundamental  principles  of  the  refraction  and  disper- 
sion of  light,  so  that  the  ainipio  enumeration  of  them 
will  recall  them  to  his  niind.  These  principles,  so  far 
as  we  have  occasion  to  refer  to  them,  are,  that  when 
a  ray  of  liglit  passing  tiirough  a  vacuum  enters  a  trans- 
parent medium,  it  is  refracted  or  bent  from  its  course 
in  a  direction  toward  a  line  i)erpondicular  to  the  sur- 
face at  the  jwint  whore  the  ray  enters  ;  that  this  bend- 
ing follows  a  certain  law  known  as  the  law  of  sinea  ; 
that  when  a  pencil  of  rays  emanating  from  a  luminous 
point  falls  nearly  perpendicularly  upon  a  convex  lens, 
the  rays,  after  pussing  through  it,  all  converge  toward  a 
point  on  the  other  side  called  a  focus  ;  tliat  light  is  com- 
pounded of  rays  of  various  degrees  of  refrangibility,  so 
that,  when  thus  refracted,  the  component  rays  pursue 
slightly  different  courses,  and  in  passing  through  a  lens 
come  to  slightly  different  foci  ;  and  finally,  that  the  ap- 
parent angular  magnitude  subtended  by  an  object  when 
viewed  from  any  point  is  inversely  proportional  to  it« 
distance.* 

*  More  exactly,  in  the  case  of  a  c:1obe,  the  «lne  of  the  angle  U  la- 
reneljr  m  the  dUtance  of  the  object,  u  tbowa  oa  the  preceding 
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We  filiall  first  describe  the  telescope  in  its  Bimplest 
fonn,  showing  the  principles  upon  which 
its  action  depeuds,  leaving  out  of  considera- 
tion the  defects  of  aberration  which  require 
Bpecial  devices  in  order  to  avoid  them.  In 
the  sinipleet  fonn  in  which  we  can  conceive 
jf  of  a  telescojie,  it  eoiiBists  of  two  lenses  of 

1  inieijual  focal  lengths.  The  purpose  of  one 
r  of  these  lenses  (called  the  oijjrctive,  or  object 
ij  glaxx)  is  to  bring  the  rays  of  light  from  a 
i  distant  object  at  which  the  telescope  is 
^  pointed,  to  a  focus  and  there  to  form  an 
^  image  of  tlie  object.  The  purpose  of  the 
u:  other  lens  (called  the  eye-piece)  is  to  view 
^  this  object,  or,  more  precisely,  to  form  an- 
~  other  enlarged  image  of  it  on  the  retina  of 

the  eye. 
£  The  figure  gives  a  representation  of  the 
K  course  of  one  pencil  of  the  rays  which  go  to 
^  form  the  image  A  T  of  an  object  /  B  after 
^  passing  through  the  objective  0  0'.  The 
>  pencil  chosen  is  tliat  comjwscil  of  all  the 
t  rays  emanating  from  /  which  can  possibly 

2  fall  on  the  objective  O  0'.  All  these  are, 
6.  by  the  action  of  the  objective,  concentrated 
^  at  the  point  /'.  In  the  same  way  each  point 
i  of  the  image  out  of  the  optical  axis  A  B 
<  emits  an  oblique  ]K'ncil  of  diverging  rays 
1  which  arc  made  to  convei^  to  some  point 
"j  of  the  image  by  the  lens.     The  image  of 

|i£  the  point  B  of  the  object  is  the  point  A  of 
the  image.  "We  must  conceive  the  imago  of 
any  object  in  tlie  ^ocus  of  any  lens  (or 
mirror)  to  be  formed  by  separate  bundles 
of  rays  as  in  the  figure.  The  image  tlius 
formed  becomes,  in  its  turn,  an  o1)ject  to 
be  viewed  bv  the  eye-piece.     After  the  rays  meet  to  form 


I 
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the  image  of  an  objet-t,  sis  at  /",  tliey  continue  on  tlitur 
course,  diverging  from  I'  as  if  the  latter  were  a  material 
oTiject  reflecting  tlie  liglit.  There  is,  liovvever,  this  t'xcep- 
tion  :  that  the  rays,  instead  of  diverging  in  every  direetioii, 
only  form  a  small  cone  liaving  its  vertex  at  /',  u!id  having 
its  angle  equal  to  0  F  0'.  The  reuson  of  this  is  tliat 
only  those  rays  which  ])ass  through  the  objective  can  fornj 
the  image,  and  they  must  continue  on  their  course  in 
6ti*aight  lines  after  forming  the  image.  This  iiiuige  can 
now  be  viewed  by  a  lens,  or  even  by  the  unassisted  eye,  if 
the  observer  places  himself  behind  it  in  the  direction  A, 
BO  that  the  pencil  of  rays  shall  enter  his  eye.  For  the  pres- 
ent we  may  consider  the  eye-piece  as  a  simple  lens  of 
short  focus  like  a  common  hand-magnilier,  a  more  com- 
plete descrijition  lieing  given  later. 

Magnif^ng  Power.— To  iindei-stand  the  maimer  in 
whicli  the  telescoi>e  magnifies,  we  remark  that  if  an  eye  at 
the  object-glass  could  view  the  innige,  it  would  appear  of 
the  same  size  as  the  actual  object,  the  image  and  the  object 
subtending  the  same  angle,  but  lying  in  opposite  direc- 
tions. This  angular  magnitude  being  the  same,  whatever 
the  focal  distance  at  which  the  image  is  fonnod,  it  follows 
that  the  size  of  the  iniiige  varies  directly  as  the  focal  length 
of  the  object-glass.  But  when  we  view  an  object  with  a 
lens  of  small  focal  distance,  its  apjiarent  magnitude  is  the 
same  &&  if  it  were  seen  at  that  focal  distance.  Consequently 
tlie  apparent  angular  magnitude  will  be  inversely  as  the 
focal  distance  of  the  lens.  Hence  the  focal  image  as 
seen  with  the  eye-piece  will  appear  larger  than  it  would 
when  viewed  from  the  objective,  in  the  ratio  of  the  focal 
distance  of  the  objective  to  that  of  the  e^-e-piece.  But  we 
have  said  that,  seen  through  the  objective,  the  image  and 
the  real  object  subtend  the  sjiine  angle.  Hence  the  angu- 
lar magnifying  power  ia  equal  to  the  focal  distance  of  the 
objective,  divided  by  that  of  the  eye  piece.  If  we  simply 
turn  the  telescope  end  for  end,  the  objective  becomes  the 
eye-piece  and  the  latter  the  objective.     The  ratio  is  ir 
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verted,  and  the  object  is  diminiBlied  in  size  in  the  same 
ratio  that  it  is  increased  when  viewed  in  the  ordinary 
way.  If  we  fihontd  fonn  a  telescope  of  two  lenses  of 
equal  focul  length,  by  placing  them  at  double  their  focal 
distitnce,  it  would  not  magnify  at  all. 

The  image  formed  by  a  convex  lens,  being  upside 
down,  and  appeanng  in  the  same  position  when  viewed 
with  the  eye-piece,  it  follows  that  the  telescojje,  when 
constructed  in  the  simplest  manner,  shows  all  objects  in- 
verted, or  upside  down,  and  right  side  left.  This  is  the 
ciise  with  all  refracting  telescopes  made  for  astronomical 

Uftl!S. 

Light-gathering  Power.— It  is  not  merely  by  magnify- 
ing that  the  telescope  assists  the  vision,  but  also  by  ia- 
creiising  the  quantity  of  light  which  reaches  the  eye  from 
the  object  at  which  we  look.  Indeed,  should  we  view  an 
object  through  an  instrument  which  magnified,  but  did 
not  increase  the  amount  of  light  received  l>y  the  eye,  it  is 
evident  that  the  brilliancy  would  be  diminished  in  propor- 
tion as  the  surface  of  the  object  was  enlarged ,  since  a  con- 
stant amount  of  light  would  be  spread  over  an  increased 
surface  ;  aiid  thus,  unless  the  light  were  faint,  the  object 
might  become  so  darkened  as  to  be  less  plainly  seen  than 
with  the  naked  eye.  How  the  telescope  increases  the 
quantity  of  light  will  be  seen  by  considering  that  when  the 
unaided  eye  looks  at  any  object,  the  retina  can  only  re- 
ceive so  many  rays  as  fall  upon  tlie  pupil  of  the  eye.  By 
the  use  of  the  telescope,  it  is  evident  that  as  many  n} 
can  Ihj  brouglit  to  the  retina  as  fall  on  the  entire  object-^ 
glass.  Tlie  pupil  of  the  human  eye,  in  its  nonnal  state, 
has  a  diameter  of  about  one  fifth  of  an  inch  ;  and  by  the 
nse  of  the  telescope  it  is  virtually  increased  in  surface  in 
the  ratio  of  the  square  of  the  diameter  of  the  objective  !<- 
tlie  square  of  one  fifth  of  an  inch.  Thus,  with  a  two-in«l 
ajicrtnre  to  our  telescope,  the  number  of  rays  coll 
one  hundred  times  as  great  aa  the  uumber  coUe 
the  naked  oye. 
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With  a  5-incli  object-glass,  the  ratio  is 

a        1Q      (t  ii  ((  it:  n 

CI  ^g       (1  U  >I  t<       .     i< 

it     20    "        "  "         "       " 

t(     2(i    "        *'  "         >'       >' 


625  to  1 

2,500  to  1 

5,625  to  1 

1(1,000  to  1 

lt)/JOU  to  1 


Wlien  a  minnte  ohjcpt,  like  a  star,  is  viewed,  it  is 
necessary  that  a  certaiu  iniinljer  of  rajs  bIiouUI  fall  on  tiie 
retina  in  order  that  the  star  may  be  visible  at  all.  It  is 
therefore  ])lain  that  the  use  of  the  telescope  enables  an 
observer  tu  see  much  fainter  Ktars  tluuj  ho  could  detect 
■  with  the  naked  eye,  and  also  to  see  faint  objects  much 
better  than  by  unaided  vision  a,lonc.  Thus,  with  a  26- 
inch  telescope  we  niay  see  stara  so  minnte  that  it  would 
require  many  thousands  to  be  visible  to  the  nnaidetl  eye. 

An  important  remark  is,  liowever,  to  be  nuide  liere. 
Inspecting  Fig.  20  we  see  tliat  the  cone  of  rays  piissin^ 
through  the  object-glass  converges  to  a  focus,  then  diverges 
at  tlie  Siuue  angle  in  order  to  J)a88  through  tlie  eye-piece. 
After  tiiis  passage  the  rays  emerge  from  the  eye-piece 
parallel,  aa  shown  in  Fig.  22.  It  is  evident  that  the 
diameter  of  this  cylinder  of  parallel  rays,  or  "  emergent 
pencil,"  as  it  is  called,  is  less  tiuui  t!ie  diameter  of  the 
object-glass,  in  the  same  ratio  that  the  focal  length  of  the 
eye-piec«  is  less  thiui  that  of  the  object-glass.  For  the 
central  ray  /  J'  is  the  common  axis  of  two  cones,  A  /'  and 
O  r  O',  having  tlie  same  angle,  and  e<pial  in  length  to 
tlie  rcfipective  focal  distiince*  of  the  glasses.  But  tiiis 
ratio  is  also  the  magnifying  p<jwer.  Hence  the  diameter 
of  tlie  emergent  fH?ncil  of  rays  is  found  by  dividing  tlie 
diameter  of  the  object-ghiss  by  the  magnifying  power. 
Now  it  is  clear  that  if  the  magnifying  power  is  so  small 
tliat  this  emergent  i)encil  is  larger  tbati  tlie  pupil  of  the 
eye,  all  the  light  which  falls  on  the  object-glass  cannot 
enter  the  pupil.  This  will  be  the  case  whenever  the 
magnifying  jH)Wer  is  less  than  five  for  every  inch  of 
aperture  of  the  glass.    If,  for  example,  the  observer  should 
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look  throngh  a  twelve-inch  telescope  with  an  eye-piece 
BO  large  that  the  magnifying  power  was  only  30,  the 
emergent  pencil  would  he  two  fifths  of  an  inch  in  diam- 
eter, and  only  so  much  of  the  light  could  enter  the  pupil 
a&  fell  on  the  central  six  inches  of  the  object-glass. 
Practically,  therefore,  the  observer  would  only  be  using  a 
six-inch  telescope,  all  the  light  which  fell  outside  of  the 
six-inch  circle  being  lost.  In  order,  therefore,  that  he 
may  get  the  advantage  of  all  his  object-glass,  lie  must  use 
a  magnifying  power  at  least  live  times  the  diameter  of  his 
objective  in  incliea. 

When  the  magnifying  power  is  cjuried  beyond  this 
limit,  the  action  of  a  telescope  will  depend  partly  on  the 
nature  of  the  object  one  is  looking  at.  Viewing  a  star, 
the  increase  of  power  vnW  give  no  increase  of  light,  and 
therefore  no  increase  in  the  apparent  brightness  of  the 
star.  If  one  is  Iwiking  at  an  object  having  a  sensible 
surface,  as  the  moon,  or  a  planet,  the  light  coming 
from  a  given  portion  of  the  surface  will  be  sjiread  <iver  a 
larger  portion  of  the  retina,  a&  the  magnifying  power 
is  increased.  All  miignifying  must  then  be  giuned  at 
the  expense  of  the  apparent  illuniiuation  of  the  surface. 
"Whether  this  loss  of  illumination  is  important  or  not  will 
depend  entirely  on  how  much  light  is  to  spare.  In  a 
general  way  we  may  sjiy  that  the  moon  and  all  the  plan- 
eta  nearer  than  Saturn  are  so  brilliantly  illuminated  by 
the  Bun  that  the  magnifying  power  eim  be  carried  many 
times  above  tlie  hmit  without  any  lose  in  the  distinctnesa 
of  vision. 

The  Telescope  in  Iffeaaurement. — A  telescope  is  gen- 
erally thought  of  only  as  an  instrument  to  assist  the  eye 
by  it«  magnifying  and  light-gathering  jwwor  in  the  man- 
ner we  have  described.  But  it  liiis  a  very  imj)ortant 
additional  function  in  astronomical  measurements  by  en- 
abling the  astronomer  to  point  at  a  celestial  object  with  a 
certainty  and  accuracy  other\*'i8e  unattainable.  This  func- 
tion of  the  telescope  was  not  recognized  for  mure  thau 
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half  a  oentnry  after  its  invention,  and  after  a  long  and 
rather  acriiuoiiioiis  contest  between  two  sdiools  of  astron- 
omers. Until  tlie  middle  of  the  seventeenth  century, 
when  an  afitrouoiiier  wished  to  deteniiiiie  the  altitude  of  a 
celestial  ohject,  or  to  measure  the  angular  distance  be- 
tween two  stars,  he  wiis  oliliged  to  point  his  (]uadrant  or 
other  measuring  instrument  at  the  ohject  by  means  of 
"  pinnules."  These  served  tlicsame  purpose  as  the  sights 
on  a  rifle.  In  using  them,  however,  a  difficulty  arose. 
It  was  impossible  for  the  observer  to  have  distinct  vi.sion 
both  of  tlie  ohject  and  of  the  pinnules  at  the  same  time, 
because  when  the  eye  was  focused  on  either  pinnule,  or 
on  the  object,  it  was  necessarily  out  of  focus  for  the 
otliers.     The  only  way  to  diminish  this  difficulty  was  to 

[lengthen  the  ann  on  which  the  pinnules  were  fastened  so 
that  the  latter  should  be  as  far  apart  as  possible.  Thus 
Tycho  Bkauk,  before  the  year  1000,  had  measuring  in- 
struments very  nmch  larger  than  any  in  use  at  the  pres- 
ent time.  But  this  plan  only  diminislied  the  difficulty  and 
could  not  entirely  obviate  it,  because  to  be  manageable 
the  instrument  must  not  be  very  large. 

About  1670  the  English  and  French  astronopiers  found 
that  by  simply  inserting  fine  threads  or  wires  exactly  in 
the  focus  of  the  telescope,  and  then  pointing  it  at  the  ob- 
ject, the  image  of  that  object  foniied  in  the  focus  eoidd  be 
made  to  coincide  with  the  threads,  so  that  the  observer 
could  see  the  two  exactly  superimposed  upon  each  other. 
When  thus  brought  into  coincidence,  it  was  known  that 
the  point  of  the  object  on  which  the  wires  were  set  was  in 
a  straight  line  passing  througli  the  wires,  and  through  tlie 
centre  of  the  object-glass.  So  exactly  could  such  a  point- 
ing be  made,  that  if  the  telescope  did  not  magnify  at  all 
(the  eye-piece  and  object-glass  being  of  equal  focal  length), 
«  very  important  advance  would  still  be  made  in  the  ac- 

^cnracy  of  astronomical  measurements.  This  line,  passing 
centrally  through  the  telescope,  we  call  the  line  of  col- 
Umati&n  of  the  telescope,  A  £  \n  Fig.  20.     If  we  have 
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any  way  of  determining  it  wc  at  onee  realize  the  idea  ex- 
pressed ill  the  opening  cliapter  of  tliis  book,  of  a  pencil  ex- 
tended ia  a  definite  direction  from  the  earth  to  the  heav- 
ens. If  the  ob8er\'er  aiinply  sets  his  telescope  in  a  fixed 
position,  looks  throiigli  it  and  notices  what  stars  pass  along 
the  threads  in  the  eye-piece,  he  knows  that  those  stars  all 
lie  in  the  line  of  collimation  of  his  telescope  at  that  instant. 
By  the  diurnal  motion,  a  pencil-mark,  as  it  were,  is  thus 
being  made  in  the  heavens,  the  direction  of  wliich  can  be 
determined  with  far  greater  precision  than  liy  any  meas- 
urements with  the  unaided  eye.  The  direction  of  this  line 
of  collimation  can  be  determined  by  methods  which  we 
need  not  mtw  describe  in  detail. 

The  Achromatic  Telescope. —The  simple  form  of  tele- 
scope which  we  liave  described  ia  rather  a  geometrical 
conception  tlian  an  actual  instrument.  Only  the  earli- 
est instruments  of  tliis  class  were  made  with  6o  few  as  two 
IcnBcs.  Galileo's  telescope  was  not  made  in  the  form 
which  we  have  described,  for  instead  of  two  convex  lenses 
having  a  common  focus,  the  eye-piece  was  concave,  and 
was  placed  at  the  proper  distance  inside  of  the  focus  of  the 
objective.  This  fonn  of  iiistnunent  is  still  used  in  ojiera- 
glasses,  but  ia  object ioiuiblc  in  large  instruments,  owing  to 
the  sraallness  of  the  field  of  view.  The  use  of  two  con- 
vex lenscss  was,  we  believe,  first  pro]>oKod  by  Kepi.er. 
Although  telescopes  of  this  simple  form  were  wonderful 
instruments  in  their  day,  yet  they  would  not  now  be  re- 
garded as  serving  any  of  the  purposes  of  such  an  instru- 
ment,  owing  to  the  aberrations  with  which  a  single  lens  is 
aflfected.  We  know  that  when  ordinary  light  piiascs 
through  a  simple  lens  it  is  partially  decomposed,  the  <liffer- 
ent  rays  coming  to  a  focus  at  different  distances.  The 
focus  for  red  rays  is  most  distant  from  the  objcct-glaas, 
and  tliat  for  violet  rays  the  nearest  to  it.  Tims  arises 
the  ehrotnatic  ahtrratlon  of  a  lens.  But  this  is  not  all. 
Even  if  the  light  is  but  of  a  single  degree  of  refrangi- 
bility,  if  the  surfaces  of  our  lens  are  spherical,  the  rays 
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whicli  pass  near  the  edge  will  come  to  a  shorter  focus 
tlian  those  which  pass  near  the  centre.  Thus  arises 
stjifi^erirtd  nherration.  This  iiUerrdtion  might  be  avoided 
if  lenses  could  be  ground  witii  a  proper  gradutioii  of 
curvature  from  the  centre  to  the  circuinfereiiee.  Prac- 
tically, however,  this  is  impossible  ;  the  deviation  from 
uniform  sphericity,  which  an  optician  Ciui  produce,  is  too 
small  to  neutralize  the  defect. 

Of  these  two  defects,  the  chromatic  aben-ation  is  much 
the  more  serious  ;  Jind  iio  way  of  avoiding  it  w.m  known 
until  the  latter  part  of  the  last  century.  The  fact  had, 
indeed,  l>een  recognized  1)y  nmtliematiciaiis  and  physicists, 
tliat  if  two  glasses  could  be  found  having  vury  different 
ratios  of  refiuctivc  to  disj)ei'8ive  powere,*  the  defect  could 
be  cured  by  combining  louses  made  of  these  different 
kinds  of  glass.  But  this  idea  was  not  rciilized  until  tiio 
time  of  Doi.Losro,  an  English  optician  who  lived  during 
the  last  century.  Tliis  artist  found  that  a  concave  lens  of 
flint  glass  could  be  combined  with  a  convex  lens  of  crown  of 
double  the  curvature  in  such  a  manner  that  the  dispersive 
powers  of  the  two  lenses  should  neutralize  each  other,  being 
equal  and  acting  in  opposite  di- 
rections. But  the  crown  ghiss 
having  the  greater  refractive 
power,  owing  to  its  greater  cur- 
vature, the  rays  would  be  brought 
to  a  focus  witlioiit  dispersion. 
Such  is  the  construction  of  the 
achromatic  objective.  As  now 
made,  the  outer  or  crown  glass  lens  is  double  convex  ;  tlie 
inner  or  Hint  one  is  genemlly  nearly  idano-concave. 
Fig.  21  shows  the  section  of  such  an  objective  as  made 
i>y  Alvan  Clauk  &  So.ns,  the  inner  curves  of  the  crown 
and  flint  being  nearly  equal. 

*  By  the  nfraetive  poieer  of  a  glass  is  meant  its  power  of  bending  the 
ny«  out  of  their  course,  so  as  to  bring  theni  to  a  focus.  By  its  ditper- 
iit»  potter  is  meant  its  power  of  separating  Lhc  colors  bo  as  to  form  a 
apectrum,  or  to  produce  chromatic  aberration. 


Fig.  21.— shotion  op  object- 
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A  great  advantage  of  the  achromatic  objective  is  that  it 
may  be  made  to  correct  tlie  spherical  as  well  aa  the  chro- 
matic aberration.  This  is  effected  by  giving  the  projjer 
curvature  to  tlie  various  surfaces,  and  by  making  such 
slight  deviations  from  perfect  sphericity  that  rays  passing 
through  all  parts  of  the  glaj^s  shall  eotne  to  the  same  focus. 

The  Secondary  Spectrum. — It  i&  now  knowni  that  the 
chromatic  aberration  of  an  objective  cannot  be  perfectly 
corrected  with  any  comliination  of  ghisses  yet  discovered. 
In  the  best  telescopes  the  brightest  rays  of  the  spectrum, 
which  are  the  yellow  and  green  ones,  are  all  brought  to 
the  same  focus,  but  the  red  and  blue  ones  reach  a  focus 
a  little  farther  from  the  objective,  and  the  violet  ones  a 
focna  still  farther.  Hence,  if  we  look  at  a  bright  star 
through  a  large  telescope,  it  will  be  seen  surrounded  by  a 
bine  or  violet  light.  If  we  push  the  eye-piece  in  a  little 
the  cnlai^ed  image  of  the  star  will  l)e  yellow  in  the  centre 
and  purple  aTOund  the  border.  Tiiis  separation  of  colors 
by  a  i>air  of  lenses  is  eddied  a  sevondary  spectrum. 

Eye-Piece. — In  the  skeleton  form  of  telescope  before 
described  the  eye-piece  iw  well  as  the  objective  was  con- 
sidered as  consisting  of  but  a  single  lens.  But  with  such 
an  cye-piecc  vision  is  inqrerfect,  except  in  the  centre  of 
the  field,  from  the  fact  that  the  image  does  not  throw 
rays  in  every  direction,  but  only  in  straight  lines  away 
from  the  objective.  Hence,  the  rays  from  near  the  edges 
of  the  focal  image  fall  on  or  near  the  edge  of  the  eye- 
piece, whence  arises  distortion  >>{  the  image  formed  on 
the  retina,  and  loss  of  light.  To  remedy  this  difficulty  a 
lens  is  inserted  at  or  very  near  the  place  where  the  focal 
image  is  fonned,  for  the  purpose  of  throwing  the  different 
pencils  of  rays  which  emanate  from  the  several  parts  of 
the  image  toward  the  axis  of  the  telescope,  so  that  they 
shall  all  pass  nearly  through  the  centre  of  the  eye  lens  pro- 
per.    These  two  lenses  are  together  called  the  eye-piece. 

There  are  some  small  differences  of  detail  in  the  con- 
Btruction  of  eye-pieces,  but  the  general  principle  is  I 
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in  all.  The  two  recognized  clafises  .iru  the  posi- 
tive and  negative,  the  former  being  those  in  whit-li  the 
image  is  formed  before  the  light  reaches  the  field  lens  ;  the 
negative  those  in  wliich  it  is  fomied  between  the  lenses. 

The  figure  Bhows  the  positive  eye-piece  drawn  accurately  to  scale. 

0  ]  \»  one  of  the  converffinj;  pencils  from  the  object-glass   which 

Lfomis  one  point  (/)  of  the  focal  image  la.     This  image  ia  viovTcd 

Iby  the  Jida  lent  F of  the  eye-piece  jis  a  real  object,  and  the  shaded 

[pencil  between   F  and  E  shows  the  course  of  these  rays  after  de- 

iTitttiun  by  F,     If  there  were  no  eye-Uin  E  an  eye  ])ro]»erly  placed 

beyond  F  would  see  an  image  at  /'  a.     The  eye-lens  K receives  the 

pencil  of  rays,  ami  deviates  it  to  the  observer's  eye  placed  at  such  a 

point  that  the  whole  incident  pencil  will  pass  through  the  pupil 

and  fall  on  the  retina,  and  thus  be  ctlective.     As  we  saw  in  the 
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figure  of  the  refracting  telescope,  every  (mint  of  the  object  protluce* 
n  pencil  similar  to  0  /,  and  the  whole  surfaces  of  the  lenscfl  F 
and  A' are  covered  with  rays.  All  of  these  pencils  pa.ssing  through 
the  pupil  go  to  make  up  the  retinal  image.  This  image  is  referred 
by  the  mind  to  the  distance  of  distinct  vision  (about  ten  inches), 
and  the  image  A  I"  n.-prc8enta  the  dimension  of  the  (inid  image 

relative  to  the  image  a  /  as  formed  by  the  objective  and   — 7-  •>' 

evidently  the  magnifjring  power  of  this  particular  eye-piece  used 
in  combination  with  this  particul.ir  objective. 

More  Exact  Theory  of  the  Objective.— For  the  benefit  of  the 
reader  who  wishes  a  more  prcciw  kni>wledge  of  the  optical  princi- 
ples on  which  the  action  of  the  objective  or  other  system  of  leases 
depends,  we  pnrscnt  the  following  geometrical  theory  of  the  .sul>- 
ject.  This  theory  is  not  rigidly  ocact,  but  is  hutficiently  so  for  all 
ordinary  computations  of  the  focal  lengths  and  sizes  of  image  in 
the  uaual  combinations  of  lenses. 
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Centres  of  Convergence  and  Divergence. — Suppose  A  B,  Fig. 
2H,  to  be  !i  k'lis  or  coinhitiHtinn  of  lenses  on  wliic-h  the  li^ht  fulls  from 
the  left  liiind  and  piusses  through  to  the  right.  Suit[(Ose  ruj's  parullel 
to  Jf /' to  fall  on  every  part  of  the  first  surface  of  the  ghiss.  After 
passing  through  it  they  are  all  supi»9cd  to  converge  nearly  or  ex- 
actly to  the  siime  point  K.  Among  all  these  rays  there  is  one,  and 
one  only,  the  course  of  whith,  after  emerging  from  the  gloss  at  (J, 
will  he  pnrallel  to  its  original  direction  UP.  Let  li  P  Q  K  be  this 
central  ray,  which  will  he  lompleteiy  determined  by  the  direction 
from  which  it  comes.  Next,  let  us  take  a  ray  coming  from  another 
direction  as  <S  /*.  Among  all  the  rays  parallel  to  ti  P,  let  ua  take 
that  one  which,  after  emerging  from  the  gla.ss  at  T,  moves  in  a  line 
parallel  to  its  original  direction.  Continuing  the  process,  let  us 
suppose  isolated  rays  coming  from  all  ])nrts  of  a  distant  object  sul>- 
jcct  to  the  single  condition  that  the  course  of  each,  after  passing 
through  the  glass  orsystem  of  gliisses,  shall  be  parallel  to  its  original 
course.  These  rays  wc  may  call  cnitnd  nttju.  They  have  this  re- 
markable property,  pointed  out  by  Gauss  :    that  (hey  all  converge 
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tflward  n  single  point,  P,  in  coming  to  the  glass,  and  diverge  from 
anotlier  point,  /*,  after  po-'tsing  through  the  last  lens.  These  points 
were  termed  by  Gai'ss  "  ilaupt]iunkte,"  or  principal  jwints.  But 
they  will  probably  be  better  understood  if  we  call  the  firtt  one  the 
centre  of  convergence,  and  the  second  the  centre  of  divergence. 
It  must  not  be  understood  that  the  central  rays  necessarily  past' 
through  these  centres.  If  one  of  them  lies  outjside  the  first  or  last 
refracting  surfnce,  then  the  central  rays  must  actually  pass  through 
it.  But  if  they  lie  between  the  surfaces,  they  will  be  tixed  by  the 
continuation  of  the  straight  line  in  which  the  rays  move,  the  latter 
being  refracted  mit  of  their  course  by  passing  through  the  surface, 
and  thus  avoiding  the  points  in  ijuestion.  If  the  lens  or  system  of 
lenses  be  turned  around,  or  if  tile  light  passes  through  them  in  an 
opjiositc  direction,  the  centre  of  convergence  in  the  first  case  be- 
coiucji  the  centre  of  divergence  in  the  second,  ami  vire  tern.  The 
necessity  of  this  will  be  clearly  seen  by  reflecting  that  a  return  ray 
of  light  will  always  keep  on  the  course  of  the  original  ray  in  the 
opjKisite  direction. 
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The  figure  represents  a  plano-convex  lens  with  light  falliog  on 
'  the  convex  side.  In  this  case  the  centre  of  convergence  will  be 
on  the  convex  surface,  and  that  of  divergence  inside  the  glass 
about  one  third  or  two  fifths  of  the  way  from  the  convex  to  the 
plane  surface,  the  positions  varying  with  the  refractive  index  of  the 
glass.  In  a  double  convex  lens,  liotli  uoinls  will  lie  inside  the  glass, 
while  if  a  glass  is  concave  on  one  side  and  convex  on  the  other, 
one  of  the  [Mints  will  be  outside  the  glass  on  the  eoncave  side.  It 
iniist  be  remembered  that  the  positions  of  these  centres  of  conver- 
gence and  divergence  depend  solely  on  the  form  and  size  of  the 
lenses  and  their  refractive  indices,  and  do  not  refer  in  any  way  to 
the  distances  of  the  objects  whose  images  they  form. 

The  principal  properties  of  a  lens  or  objective,  by  which  the  size 
of  images  are  determined,  are  as  follows  :  Since  the  angle  S  P  R 
made  by  the  diverging  rays  is  equal  to  R  P  S,  made  by  the  con- 
vergfing  ones,  it  follows,  that  if  a  lens  form  the  image  of  an  object, 
the  siie  of  the  image  will  be  to  that  of  the  object  as  their  respec- 
tive distances  from  the  centres  of  convergence  and  divergence.  In 
other  words,  the  object  seen  from  the  centre  of  convergence  /'will 
be  of  the  same  angular  magnitude  as  the  image  seen  from  the 
centre  of  divergence  P. 

By  tonjugate  foei  of  a  lens  or  system  of  lenses  we  mean  a  pair  at 
points  such  that  if  rays  diverge  from  the  one,  they  will  converge  to 
the  other.  Hence  if  an  object  is  in  one  of  a  pair  of  such  foci,  the 
image  will  be  formed  in  the  other. 

By  the  refractive  power  of  a  leas  or  combination  of  lenses,  we 
mean  its  influence  in  refracting  parallel  mys  to  a  focus  which  we 
may  measure  by  the  reciprocal  of  it-s  fociii  distance  or  1  -i-f.  Thus, 
the  power  of  a  piece  of  plain  gliws  is  0,  because  it  cannot  bring 
rays  to  a  focus  at  all.  The  |)owcr  of  a  convex  lens  is  ]iosvtive,  while 
that  of  a  conimve  lens  is  negative.  la  the  latter  case,  it  will  be 
remembered  by  the  student  of  optics  that  the  virtual  focus  is  on 
the  same  side  of  the  lens  from  wlilch  the  ray.9  proceed.  It  is  to 
be  noted  that  when  we  sjicuk  of  the  focal  distance  of  a  lens,  we 
mean  the  distance  from  the  centre  of  divcrgmice  to  the  focus  for 
parallel  rays.  In  astronomical  language  this  focus  is  called  the 
•tellar  focus.  Ix-ing  that  for  celestial  objei-ts,  uH  of  which  we  may 
regard  as  infinitely  di.stunt.     If,  now,  we  put 

p,  the  power  of  the  lens  ; 

/,  its  stellar  focal  di.stance  ; 

y,  the  distance  of  an  object  from  the  centre  of  convergence  ; 
f\  the  distance  of  its  image  from  the  centre  of  divergence  ;  then 
the  e4UBtiuu  which  determines/ will  be 

1    J._L_ 

j,-^  j,.-j.-P: 

•'~f  +  r'-'    f-f 

From  those  onuations  may  be  found  the  focal  length,  having  the 
distance  at  which  the  image  of  an  object  is  foniied,  or  riot  i 
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§  2.    HEFU3CTING   TEI^SCOPES. 

Ab  we  have  seen,  the  most  essential  part  of  a  refracting 
teleBcope  is  the  objective,  whii-h  brings  all  the  incident 
rays  from  an  object  to  one  focus,  forming  there  an  image 
of  thdi  object.  In  retiecting  telescopes  (reflectors)  the 
objective  is  a  mirror  of  speculum  metal  or  silvered  glass 
ground  tq  the  shape  of  a  puraboloid.  The  figure  shows' 
the  action  of  such  a  mirroi  on  a  bundle  of  parallel  rays, 
wliieli,  after  impinging  on  it,  are  brought  by  reflection  to 
one  focus  F.  The  image  formed  at  tlus  focus  may  be 
viewed  with  an  eye-piece,  as  in  the  case  of  the  refracting 
teleseojw. 

Tlie  eye-pieces  used  with  such  a  mirror  are  of  the  kinds 
already  described.      In  the   figiu^  the  eye-piece  would 
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have  to  l>e  placed  to  the  right  of  the  point  F,  anil  the 
observer's  head  would  thus  interfere  with  the  incident 
light.  Various  devices  buvc  been  jiroposed  to  remedy  this 
inconvenience,  of  which  we  will  describe  the  two  most 
common. 

The  Newtonian  Telescope. — In  tliis  form  the  rays  of 
light  reflected  from  the  mirror  are  made  to  fall  on  a  small 
plane  mirror  placed  diagonally  just  before  they  reach  the 
priueipal  focus.  The  rays  are  thus  reflected  out  latonilly 
through  an  opening  in  the  telescope  tul>c,  and  are  there 
brought  to  a  focus,  and  the  image  fonned  at  the  point 
marked  by  a  heavy  white  line  in  Fig.  25,  instead  of  at 
the  point  inside  the  telescope  marked  by  a  dotted  line. 
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about  three  fourths  of  the  way  from  the  large  Bpecnmm 
to  the  fociis.  The  rajs,  after  being  reflected  from  the 
large  Bpeeulum,  fall  on  this  mirror  before  reaching  the 
focus,  and  arc  reflected  back  again  to  the  specuhim  ;  an 
opeuing  is  made  in  the  centre  of  the  latter  to  let  the  rays 
pass  through,  Tlic  poeition  and  curvature  of  the  secondary 
mirror  are  adjusted  so  that  the  focus  shall  be  formed  just 
after  passing  through  the  opening  in  the  speculum. 

In  this  telescope  the  observer  stands  behind  or  under 
the  speculum,  and,  with  the  eye-piece,  looks  through  the 
ojwning  in  the  centre,  in  the  direction  of  the  object. 
This  form  of  reflector  is  much  more  convenient  in  use 
than  the  Newtonian,  in  using  which  the  observer  has  to 
be  near  the  top  of  the  tube. 

This  form  was  devised  by  Cassegrain  in  1672. 

Tlie  advantages  of  reflectors  are  found  in  their  cheap- 
ness, and  in  tlic  fact  that,  supiKising  the  mirrors  perfect  in 
ligiu'e,  all  the  rays  of  tlie  spectnmi  are  brought  to  one 
fiKjus.  Tiius  the  reflector  is  suitable  for  spectroscopic  or 
l>liotngraphic  researches  vvitliout  any  change  from  its  or- 
dinary form.  This  is  not  tnie  of  the  refractor,  since  the 
rays  by  which  we  now  photugrapli  (the  bme  and  vnolet 
rays)  are,  in  that  instninient,  owing  to  tlie  secondary 
epectruui,  brought  to  a  fiwnis  slightly  different  from  that 
of  the  yellow  and  adjacent  rays  by  means  of  which  we 
see. 

Reflectors  have  been  made  as  large  as  six  feet  in  aper* 
ture,  the  greatest  being  that  of  Lord  Rosse,  but  those 
which  have  l>een  most  suecessful  have  hardly  ever  been 
larger  than  two  or  three  feet.  The  smallest  satellite  of 
Saturn  (Mlmag)  was  discovered  by  Sir  William  Herschel 
with  a  four-foot  speculum,  but  all  the  other  satellites  dis- 
covered by  him  were  seen  with  mirrors  of  alxtut  eighteen 
inches  in  aperture.  With  these  the  vast  majority  of  Iiis 
faint  nebnlte  were  also  discovered. 

Tlie  satellites  of  Neptvrtf  and  Uranun  were  discovered 
by  Lassrll  with  a  two-foot  speculum,  and  much  of  the 
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work  of  Lord  Risse  liiis  been  done  witli  his  three-foot 
mirror,  instead  of  liis  celebrated  six-foot  one. 

From  the  time  of  Newton  till  quite  recently  it  was 
UBual  to  make  the  large  mirror  or  ohjcL-tive  out  of  specu- 
lum metal,  a  brilhant  alloy  liable  to  tamish.  When  the 
mirror  was  once  tiiruiKlied  through  expoKuro  to  the 
weather,  it  couJd  be  renewed  only  by  a  process  of  polish- 
ing almost  equivalent  to  figuring  and  p<»li8hing  the  mirror 
anew.  Consequently,  in  such  a  specutnm,  after  the  cor- 
rect form  and  jxtlish  were  attained,  there  wjus  great  diffi- 
culty in  preserving  them.  In  recent  years  this  ditJieulty 
has  been  largely  overcome  in  two  ways  :  first,  by  im- 
provements in  the  eoiiiposition  of  the  alloy,  by  whicii  its 
liability  to  taniish  under  exposure  is  greatly  diminished, 
and,  secondly,  by  a  j)l:in  proposed  by  Fol'cault,  which 
consists  in  making,  once  for  all,  a  mirror  of  glass  which 
will  always  retain  its  good  figure,  and  depositing  upon  it  a 
thin  film  of  silver  which  may  be  removed  and  restored 
witli  little  lalxir  as  often  iis  it  becomes  tarnished. 

In  this  way,  one  imjKirtant  defect  in  the  reflector  has 
been  avoided.  Another  great  defect  has  been  less  success- 
fully treated.  It  is  not  a  process  of  exceeding  difficulty 
to  give  to  the  reflecting  surface  of  citlier  metal  or  glass 
the  correct  parabolic  shajie  by  which  the  incident  rays  are 
brought  aecurately  to  one  focus.  But  to  maintain  this 
shape  constantly  wlieu  the  miiTor  is  mounted  in  a  tube, 
and  when  tliis  tube  is  directed  in  succession  to  various 
parts  of  the  sky,  m  a  mechanical  problem  of  extreme  diffi- 
culty. However  the  mirror  may  be  sn]>ported,  all  the 
unsupported  points  tend  by  tlieir  weight  to  sag  away  from 
the  proper  position.  When  the  mirror  is  pointed  near 
the  horizon,  this  effect  of  flexure  is  quite  different  from 
wliat  it  is  when  pointed  near  the  zenith. 

As  long  as  the  mirror  is  small  (not  greater  than  eight  to 
twelve  inches  in  diameter),  it  is  found  easy  to  support  it 
so  that  these  variations  in  the  strjius  of  flexure  have  little 
practical  effect.     As  we  increase  its  diameter  up  to  48  or 
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72  inches,  the  effect  of  flexure  rapidly  increases,  and 
special  devices  have  to  be  used  to  counterbalance  the 
injury  done  to  the  shape  of  the  mirror. 


§  S.    CHBONOMETEHS   ANH   CLOCKS. 

In  Clmpter  I.,  §  5,  wo  described  how  the  right  ascen- 
fiions  of  the  heavenly  bodies  are  iiiejisnred  by  the  times 
of  their  tnuisit*  over  the  meridian,  this  quantity  increas- 
ing by  a  minute  of  arc  in  fonr  seconds  of  time.  In  order 
to  detenninc  it  with  all  reijiiircd  accuracy',  it  is  necessary 
that  the  time-pieces  with  which  it  ia  measured  shall  go 
with  the  greatest  p<:)6siblo  precision.  There  is  no  great 
difficulty  in  making  a-stronottiioal  measures  to  a  second 
of  arc,  and  a  star,  by  ita  diurnal  motion,  passes  over  this 
space  in  one  fifteenth  of  a  second  of  time.  It  is  there- 
fore desirable  that  the  astronomical  clock  shall  not  vary 
from  a  uuif<jrtn  rate  more  than  a  few  hundredths  of  a 
second  in  the  co\irae  of  a  day.  It  ia  not,  however, 
necessary  that  it  should  be  jwrfectly  correct ;  it  may  go 
too  fast  or  too  slow  without  detracting  from  its  char- 
acter for  accuracy,  if  the  intervals  of  time  which  it 
tells  off — hours,  minutes,  or  secomls — are  always  of  ex- 
actly the  same  length,  or,  in  other  words,  if  it  gains  or 
loses  exactly  the  same  amount  every  hour  and  every  day. 

The  time-pieces  iised  in  astronomical  ol)servation  are 
the  chronometer  and  the  clock. 

The  chronometer  is  merely  a  very  perfect  time-piece 
with  a  balance-wheel  so  constructed  that  changes  of  tem- 
perature have  the  least  jxwsible  effect  a\)(yn  tiic  time  of  its 
oscillation.  Such  a  balance  ia  called  a  compennathm  bal- 
ance. 

The  ordinary  house  clock  goes  faster  in  cold  than  in 
warm  weather,  because  the  pendulum  rod  shortens  under 
the  influence  of  cold.  This  effect  is  such  that  the  clock 
will  gain  about  one  second  a  day  for  every  fall  of  3°  Cent. 
{b^A  Falir.)  in  the  temjMjrature,  supposing  the  pendulum 
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rod  to  be  of  iron.  Such  changes  of  rate  would  be  entirelj 
inadraifisible  in  a  clock  used  for  astronomical  purposes. 
Tlie  astronomical  clock  is  therefore  pro\'ide(l  with  a  com- 
pensation pendulum,  hy  which  the  disturbing  effects  oi 
changes  of  temi>eruture  are  avoided. 

There  arc  two  forms  now  in  use,  the  Ildrrlmn  {<jrld- 
iroTi)  and  the  mercurial.  In  the  gridiron  pcudulum  tJie 
rod  is  composed  in  part  of  a  number 
of  parallel  bars  of  steel  and  brass, 
so  connected  together  that  white  the 
expansion  of  the  steel  bars  produced 
by  an  increase  of  temperature  tends 
to  depress  the  hoh  of  the  2)endulum, 
the  greater  expansion  of  the  brass  bars 
tends  to  raise  it.  When  the  total 
lengths  of  the  steel  and  brass  bars 
have  been  properly  adjusted  a  nearlj' 
perfect  compensation  occurs,  and  the 
centre  of  oscillation  reniaina  at  a  con- 
stant distance  from  the  point  of  sus- 
pension. The  rate  of  the  clock,  so 
far  as  it  depends  on  the  length  of  the 
penduhim,  will  therefore  lie  constant. 

In  the  mercurial  pendulum  the 
weight  which  forms  the  bob  is  a 
cyUndric  glass  vessel  nearly  filled 
with  mercury.  With  an  increase  of  temperature  the  steel 
suspension  rod  lengthens,  thus  throwing  the  centre  of 
oscillation  away  from  the  ]>oint  of  suspension  ;  at  tJie 
same  time  tlio  expanding  mercury  rises  in  tlio  cylinder, 
and  tends  therefore  to  raise  the  centre  of  oscillation. 
When  the  length  of  the  rod  and  the  dimensions  of  the 
cylinder  of  mercury  are  properly  proportioned,  the  centre 
of  oscillation  is  kept  at  a  constant  distance  from  the  point 
of  suspension.  Other  methods  of  making  this  compensa- 
tion have  been  used,  but  these  are  the  two  in  most  gen- 
end  use  for  astrouoiuical  clocks. 
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The  eorreetion  of  a  chronometer  (or  clock)  is  the  quantity  of  time 
(expressed  in  hours,  minutes),  seconds,  and  decimals  of  a  second) 
which  it  is  necessary  to  add  algebraically  to  the  indication  of  the 
bands,  in  order  that  the  sum  may  be  the  correct  time.  Thus,  if  at 
sidereal  0'',  May  18,  at  New  York,  a  sidereal  clock  or  chronometer  j 
indicates  23''  58'"  20*-7,  its  correction  is  +  1'"  39>-3;  if  atO"  (sidereal 
noon),  of  May  17,  its  correction  was  +  1'"  38'-3,  its  daily  rule  or  the 
change  of  its  correction  in  a  sidereal  day  is  +  I'-O:  in  other  words, 
this  clock  is  lotiiuf  V  daily. 

For  clock  flere  the  sign  of  the  eorreetion  is  -f- ; 
"       "     /««(     "      "     "    "  "         is—; 

"       "  gitiniitif  "      "     "    '•        rate        is — ; 
"       ■'    lotintf    "     '•     '■    "  "         is  4". 

A  clock  or  chronometer  may  be  well  Cfmipcnsated  for  temperature, 
and  yet  itH  rate  may  be  g:aining  or  losing  on  the  timu'  it  is  intended 
to  keep:  it  is  not  even  necessary  thai  the  rate  should  be  small  (ex- 
cept that  a  small  rate  is  practically  convenient),  provided  only  that 
it  is  constant.  It  is  continually  necessary  to  compute  the  clock  cor- 
rection at  a  given  time  from  its  known  correction  at  some  other  time, 
and  its  known  rate.  If  for  some  definite  instant  wo  denote  the  time 
as  shown  by  the  clock  (technically  •'  the  clock-face")  by  T,  the  true 
time  by  7*  and  the  clock  correction  by  a  T,  we  have 

7*  =  r  +  A  r,  and 
aT  =  r  —  7". 

Tn  all  observatories  and  at  nca.  observations  are  made  daily  to  de- 
termine A  7'.  At  the  instant  of  the  observation  the  time  T  \a  noted 
by  the  clock ;  from  the  data  of  the  observation  the  time  7*  is  com- 
puted. If  thesie  agree,  the  clock  is  correct.  If  they  differ,  A  7*  is 
found  from  the  above  equations. 

If  by  observation  we  have  found 

A  7".  =  the  clock  correction  nt  a  clock-time  7'., 
A  7*  E=  the  clock  correction  at  a  clock-time  7", 
dT  =  the  clock  rate  in  a  unit  of  time, 


we  have 


A7'=  An  +  AT(_T—  T.) 


where  T  —  T,  must  be  expressed  in  day.s,  hours,  etc.,  according  aa 
d?"  is  the  rate  in  one  day,  one  hour,  etc. 

When,  therefore,  the  clock  correction  A  Tt  and  rate  iT  have  been 
determined  for  a  certain  instant,  7',,  we  can  deduce  the  true  time 
from  the  clock-f.'ico  7' at  any  other  in.ntanl  by  the  ecpiation  V  =  T 
+  A  T'o  -(-  (1 7'  (  T  —  T.).  If  the  clock  correction  has  been  deter- 
mined at  two  ditlerciit  times,  T«  and  T  to  be  A  Tt  and  A  T,  the  rate 
la  inferred  from  the  equation 


iT  = 


£,r-  t,T. 

r-  T, 
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These  equations  apply  only  so  long  as  we  can  regard  the  rat«  as 
eotutaid.  As  obgerratious  can  bo  made  only  in  clear  weather,  it  is 
plain  that  during  periods  of  overcast  sky  we  must  depend  on  these 
equations  for  our  knowledge  of  2* — i.e.,  the  true  time  at  a  clock- 
time  T. 

The  intervals  between  the  determination  of  the  clock  correction 
should  be  small,  since  even  with  the  best  clocks  and  chronometers 
too  much  dependence  must  not  be  placed  upon  the  rate.  The  follow- 
ing example  from  Cuadvenet's  Astronomy  will  illustrate  the  practi- 
cal processes : 

"  Example. — At  sidereal  noon,  May  5,  the  correction  of  a  sidereal 
clock  is— le-"  •t7-0;  at  sidereal  noon,  May  13,  it  is  —  10"  18'-50; 
what  is  the  sidereal  time  on  May  25,  when  the  clock-face  is  11^  13" 
12* '6,  supposing  the  rate  to  be  uniform  '! 

May  6,  correction  =  —  10"  47". 30 
•■  12,  "  =  -  16"  laviSO 

7  days'  rate    =  -f-         83^-50 
iT=  -H  4'-838. 

Taking  then  as  our  starting-point  T,  =  May  12,  C",  we  have  for  the 
interval  to  r=  May  25,  11"  IS"  12'-6,  T~  T,  =  IS'' ll' 13"  12'-6 
■=  13'' •407.     ilence  we  have 

AT.=  -    16"  13- 

iT(T-  T.)  =  +      1~    6- 

A  r  =    -    15"    8' 

7'=  11*  is-ja*- 

r  =T0^  68'^  4^ 

But  in  this  example  the  rate  is  obtained  for  one  true  sidereal  day, 
while  the  unit  of  the  interval  13''-4i37  is  a  sidereal  day  as  shown  by 
the  clock.  The  proper  interval  with  which  to  compute  the  rate  in 
this  case  is  13^  10'  58"  4'-13=  13-'-457,  with  which  we  find 


Ar.  =  - 

dT  X  13-457=  + 


AT  =  —    15-    8". 
7'  =  ll''  18"  12' 


y  =  10*  58"    4' 


i  repetition  will  be  rendered  unnecessary  by  always  giving  the  rate 
unitoj  tht  clock.   Thus,  suppose  that  on  June  8,  at  4"  11"  12'-35 


ThisT 

in  a  unit  oj  the  clock.   Thus,  suppose 

by  the  clock,  we  have  found  the  correction  +  2"  10' -14;  and  on 

June  4,  at  W-  17"  49-.  82  we  have  found  the  correction  +  2"  19'-89 ; 

the  rate  in  one  hour  of  tie  clock  will  be 


iT  = 


■f  9'-7S 


84--1104 


-,  =  +  C^SOS." 
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g  4.    THE   TBANSrF  INSTBUHENT. 

The  meridian  transit  instrument,  or  briefly  the  "  tran. 
Bit,"  is  used  to  observe  the  transits  of  the  heavenly  bodies. 


Pio.  28.— A  TRAKSrr  ikbtkument. 

and  from  the  times  of  these  transits  as  read  from  the 
clock  to  determine  either  the  corrections  of  the  clock  or 
the  right  ascension  of  the  observed  body,  as  explained  in 
Chapter  I.,  §  5. 
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These  are  faetened  to  two  pillare  of  stone,  brick,  or 
iron.  Two  counterpoises  W  W  are  connected  with  the 
axis  ae  in  the  plate,  so  as  to  take  a  lai^  portion  of  the 
weight  of  the  axis  and  telescope  from  the  Ys,  and  thus  to 
diminish  the  friction  npon  these  and  to  render  the  rota- 
tion about  V  V  more  easy  and  regular.  In  the  ordinary 
use  of  the  transit,  the  line  F'  lis  placed  accurately  level 
and  perpendicular  to  the  meridian,  or  in  the  east  and  west 
line.  To  effect  this  "  adjustment,"  there  are  two  sets  of 
adjusting  screws,  by  wliich  the  ends  of  V  V  in  the  Ys  may 
be  moved  either  up  and  down  or  north  and  south.  The 
plate  gives  the  form  of  transit  used  in  permanent  observa- 
tories, and  shows  the  observing  chair  C,  the  reversing  car- 
riage R,  and  the  level  Z.  The  arms  of  the  latter  have 
Y's,  which  can  be  placed  over  the  pivots  V  V. 

The  line  of  coUimalion  of  the  transit  telescope  is  the 
line  drawn  through  the  centre  of  the  objective  perpendic- 
ular to  the  rotation  axis  V  V. 

The  retide  is  a  network  of  fine  spider  lines  placed  in 
the  focus  of  the  objective. 

In  Fig.  30  the  circle  represents  the  field  of  view  of  a 
transit  as  seen  through  the  eye-piece.  The  seven  ver- 
tical Unes,  I,  II,  III,  IV,  V,  VI, 
Vll,  are  seven  fine  spider  lines 
tightly  stretched  across  a  metal  plate 
or  diaphragm,  and  so  adjusted  as  to 
be  jxjrpendieular  to  the  direction  of 
a  star's  apparent  diurnal  motion. 
Tliis  metal  jilate  can  be  moved  right 
and  left  by  five  screws.  The  hori- 
zontal wires,  guide-ttfirea,  a  and  A, 
mark  the  centre  of  the  field.  The 
field  is  illuminated  at  night  by  a  lamp  at  the  end  of  the 
axis  which  shines  tlirough  the  hollow  interior  of  the  lat- 
ter, and  causes  the  field  to  appear  bright.  The  wires  are 
dark  against  a  bright  ground.  The  line  of  elyht  is  a  line 
joining  the  centre  of  the  objective  and  the  central  one,  IV, 
of  the  seven  vertical  wires. 
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The  whole  transit  is  in  adjustment  when,  first,  the  axis 
V  V  is  horizontal  ;  second,  when  it  lies  east  and  west  ; 
and  third,  when  the  line  of  sight  and  the  line  of  collima- 
tion  coincide.  When  these  conditions  are  fulfilled  the 
line  of  sight  intersects  the  celestial  sphere  in  the  meridian 
of  the  phice,  and  when  T  T  Ib  rotated  ahont  V  V  the  Une 
of  sight  marks  out  the  meridian  on  the  sphere. 


I 
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In  practice  the  three  adjustments  are  not  exactly  made,  since  it  ia 
impossible  to  effect  tlicm  with  mathematical  precision.  The  errors 
of  each  of  them  are  first  made  as  small  as  is  convenient,  and  arc  then 
determined  and  allowed  for. 

To  find  the  error  0/  Utel,  we  place  on  the  pivots  a  fine  level  (shown 
in  [wsition  in  the  figure  of  the  portable  transit),  and  determine  how 
much  higher  one  pivot  is  than  the  other  in  terms  of  the  divisions 
marked  on  the  level  tube.  Such  a  level  is  shown  in  Fig.  4  of  plate 
S8,  page  86.  The  vahie  of  one  of  these  divisions  in  seconds  of  arc 
can  be  determined  by  knowing  the  length  I  of  the  whole  level  and 
the  number  n  of  divisions  through  wliich  the  bubble  will  run  when 
one  end  is  raised  one  hundredth  of  un  inch. 

If  Z  is  the  length  of  the  level  in  inches  or  the  radius  of  the  circle 
in  which  either  end  of  the  level  moves  when  it  is  raised,  then  as 
the  radius  of  any  circle  is  equal  to  37° -290,  3487' -75  or  206,264" -8, 
we  have  in  this  particular  circJe  one  inch  =  20U,204"-8  -{-  I; 
001  inch  =  200, 204-8  -i-  100  I  =  a.  certain  arc  in  seconds,  say  a". 
That  is,  71  divisions  =  a",  or  one  division  d  ~  a"  -~-  n. 

The  error  of  coUinmtion  can  be  found  by  pointing  the  telescope 
at  a  distant  mark  whose  image  is  brought  to  the  middle  wire.  The 
telescope  (with  the  axis)  is  then  lifted  bodily  from  the  Ys  and  re- 
placed 90  that  the  axis  V  Vxs  reversed  end  for  end.  The  telescope  is 
again  pointed  to  the  distant  mark.  U  this  is  still  on  the  middle 
thread  the  line  of  sight  and  the  lino  of  coUimation  coincide.  If  not, 
the  reticle  must  be  moved  bodily  west  or  east  until  these  conditions 
are  fulfilied  after  repeated  reversals. 

To  find  the  error  of  azimuth  or  tho  departure  of  the  direction  of 
V  V  from  an  eiwt  and  west  line,  we  must  observe  the  transits  of 
two  stars  of  different  declinations  d  and  i,  and  right  ascensions  a 
And  a'.  Suppose  the  clock  to  be  running  correctly — that  is,  with  no 
rate — and  the  sidereal  times  of  transit  of  the  two  stara  over  the  mid- 
dle thread  to  be  0  and  0'.  If  0  —  6'  =  tt  —  a',  then  the  middle  wire 
is  in  the  meridian  and  the  azimuth  is  zero.  For  if  the  azimuth 
was  not  zero,  but  the  west  end  of  tlie  axis  was  too  far  south,  foi 
example,  the  line  of  sight  would  fall  east  of  the  meridian  for  a 
wulh  star,  and  further  and  further  east  the  further  south  the  star 
was.  Hence  if  the  two  stars  have  widely  di£Fercnt  declinations  S 
and  i',  then  the  star  furthest  south  would  come  proportionately 
sooner  to  the  middle  wire  than  the  other,  and  0—6'  would  be 
different  from  a  —  a'.     The   amount   of   this  diflercnce   glve»   ^ 
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means  of  deducing  the  deviation  of  A  A  from  an  east  and  west 
tine.  In  a  similar  way  the  effect  of  a  given  error  of  level  on  the 
time  of  the  transit  of  a  star  of  declination  i  is  found. 

Methods  of  Observing  with  the  Transit  Instrument.— 
We  have  so  far  afisuu>cd  that  the  tiuie  of  a  star's  transit 
over  the  middle  thread  was  known,  or  could  be  noted. 
It  is  necessary  to  speak  more  in  detail  of  liow  it  is  noted. 
Wlien  the  telescope  is  pointed  to  any  star  the  earth's 
diuntal  motion  will  carry  the  imag;e  of  the  star  slowly 
across  the  tield  of  view  of  the  telescope  (which  is  kept 
fixed),  as  before  explained.  As  it  crosses  each  of  the 
threads,  the  time  at  which  it  is  exactly  on  the  thread  is 
noted  from  the  clock,  which  must  be  near  the  transit. 

The  mean  of  these  times  gives  the  time  at  which  this 
star  was  on  the  middle  thread,  the  threads  being  at  equal 
intervals  ;  or  on  the  "  mfan  thread,"  if,  as  is  the  case  in 
practice,  they  are  at  unequal  intervals. 

If  it  were  possible  for  an  astronomer  to  note  the  exact 
instant  of  the  transit  of  a  star  over  a  thread,  it  is  plain 
that  one  thread  would  be  suthclent ;  but,  as  all  estima- 
tions of  this  time  are,  from  the  very  nature  of  the  case, 
but  appro.ximations,  several  threads  are  inserted  in  order 
that  the  accidental  errors  of  estimations  may  be  eliminated 
as  far  iis  possible.  Five,  or  at  most  seven,  threads  are 
sufficient  for  this  purpose.  In  the 
figure  of  the  reticle  of  a  transit  instm- 
iiu'iitthc  star  (the  planet  Vennn  in  this 
case)  may  enter  on  the  right  hand  in  the 
figure,  and  may  be  supjiosed  to  cross 
each  of  the  wires,  the  time  of  its  tran- 
sit over  each  of  them,  or  over  a  suffi- 
cient number,  being  noted.  The 
method  of  noting  this  time  may  be  best 
nndcrstood  by  referring  to  the  next  figure.  Suppose  th»t 
the  line  in  the  middle  of  Fig.  32  is  one  of  the  transit- 
threads,  and  that  the  star  is  passing  from  the  right  hand 
(i  the  figure  toward  the  left ;  if  it  is  on  this  wire  at  an 
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exact  second  by  the  clot^k  (wliieh  is  always  near  tlie  ob- 
server, beating  seconds  audibly),  this  second  must  be  writ- 
ten down  as  the  time  of  tLe  transit  over  this  thread.  As 
a  rule,  however,  the  transit  cannot  occur  on  tlie  exact 
beat  of  the  clock,  but  at  the  seventeentli  second  (for  exam- 
ple) tlie  star  may  be  on  the  right  of  the  wire,  say  at  a  ; 
while  at  the  eighteenth  second 
it  will  have  passed  this  wire  and 
may  be  at  h.  If  the  distance  of 
a  from  the  wire  is  six  tenths  of 
the  distance  a  b,  tlien  the  time 
of  transit  is  to  be  recorded  as  — 
hours  —  minutes  (to  be  taken 
from  the  clock-face),  and  seven- 
teen and  six  tenths  seconds  ;  and  in  this  way  the  transit 
over  each  wire  is  observed.  This  is  the  method  of  "  eye- 
and-car"  observation,  the  basis  of  such  work  as  we  have 
described,  and  it  is  so  called  from  the  part  which  both  the 
eye  and  the  ear  play  in  the  appreciation  of  intervals  of  time. 
The  ear  catchea  the  beat  of  the  clock,  the  eye  fixes  the  place 
of  the  star  at  a  ;  at  the  next  beat  of  the  clock,  the  eye  fixes 
the  star  at  b,  and  subdivides  the  space  a  h  into  tenths,  at 
the  same  time  appreciating  the  ratio  wiiich  the  distance 
from  the  tliread  to  a  bears  to  the  distance  a  h.  This  ia 
recorded  as  above.  This  method,  which  is  still  used  in 
many  observatories,  was  introduced  by  the  celebratetl 
Bhadlev,  astronomer  royal  of  England  in  1750,  and  |)er- 
fected  by  Maskelyne,  his  successor.  A  practiced  ol»server 
can  note  the  time  witliin  a  tenth  of  a  second  in  three  eases 
ont  of  four. 

There  is  yet  another  method  now  in  common  nse, 
which  it  is  necessary  to  understand.  This  is  called  the 
American  or  chronographic  method,  and  consists,  in  the 
present  practice,  in  the  use  of  a  sheet  of  a  paper  wound 
about  and  fastened  to  a  horizontal  cylindrical  barrel, 
which  is  caused  to  revolve  by  machinery  once  in  one  rain 
ute  of  time.     A  pen  of  filaaa  which  will  make  a  continr 
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OU8  line  is  allowed  to  rest  on  the  paper,  and  to  this  pen  a 
continuous  motion  of  translation  in  the  direction  of  the 
lengtli  of  the  cylinder  is  given.  Now,  if  tlie  pen  is  allow- 
ed to  niai'k,  it  is  evident  that  it  will  trace  on  the  pa]>er  an 
endless  spiral  hue.  An  electric  current  is  caused  to  run 
through  the  observing  clock,  through  a  key  which  is  held 
in  the  observer's  hand  and  through  an  electro-niagnet 
connected  iritb  the  pen. 

A  simple  device  enables  the  clock  every  second  to  give 
a  slight  lateral  motion  to  the  pen,  which  lasts  about  a 
thirtieth  of  a  second.  Thus  every  second  is  automaticjiliy 
marked  by  the  clock  on  the  chronograph  paper.  The  ob- 
server also  has  the  power  to  make  a  signal  by  his  key 
(easily  distinguished  from  the  clock-signal  by  its  different 
length),  which  is  likewise  permanently  registered  on  the 
sheet.  In  this  way,  after  the  chronograph  is  in  motion, 
the  observer  Las  merely  to  notice  tlie  instant  at  which  the 
star  is  on  the  thread,  and  to  press  the  key  at  that  moment. 
At  any  subsequent  time,  he  must  mark  some  hour,  min- 
nte,  and  second,  taken  from  the  clock,  on  the  slieet  at  its 
appropriate  place,  and  the  translation  of  the  spaces  on 
the  sheet  into  times  may  be  done  at  leisure. 


§  6.    GRADUATED   CIRCLES. 

Nearly  every  datura  in  practical  astronomy  depends 
either  directly  or  indirectly  upon  the  measure  of  an  angle. 
To  make  the  necessary  measures,  it  is  customary  to  em- 
ploy what  are  called  graduated  or  divided  circles.  These 
are  made  of  metal,  as  light  and  yet  as  rigid  as  possible, 
and  they  have  at  tlieir  circumferences  a  narrow  flat  band 
of  silver,  gold,  or  platimnu  on  which  fine  radial  lines 
called  "divisions"  are  cut  by  a  "dividing  engine"  at 
regular  and  equal  intervals.  These  intervals  may  be 
of  10',  5',  or  2',  according  to  the  size  of  the  circle 
and  the  degree  of  accuracy  desired.  The  narrow  band 
is  called  the  divided  bmb,  and  the  circle  is  said  to  be  di- 
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vided  to  10',  5',  2'.  The  separate  divisions  are  numbered 
consecutively  from  0°  to  StiO''  or  from  M"  to  90",  etc.  The 
graduated  circle  has  an  axis  at  ite  centre,  and  to  this  may 
be  attached  the  telescope  bj  which  to  view  tiie  points 
whose  angular  distance  is  to  be  detcnniucd. 

To  this  centre  is  also  attached  ati  arm  which  revolves 
with  it,  and  by  its  motion  past  a  certain  immber  of  divi- 
eioufl  on  the  circle,  determines  the  angle  through  wliich  the 
centre  has  been  rotated.  This  arm  is  cjdled  the  inde.x 
arm,  and  it  usually  carries  a  vernier  on  its  extremity, 
by  means  of  wliich  the  spaces  on 
the  graduated  circle  arc  subdivided. 
The  reading  of  the  circle  when  the 
index  arm  is  in  any  position  is  the 
nundier  of  degrees,  minutes,  and 
seconds  which  correspond  to  that  po- 
sition ;  when  the  index  ann  is  in  an- 
other position  there  is  a  diffeivnt 
reading,  and  the  differences  of  the  two 
readings  S'—S',  S'—S',  S' — 5*  are  the  angles  through 
wliich  the  index  artn  li;»s  turned. 

The  process  of  measuring  the  angle  between  tlie  objecta 
l^  means  of  a  divided  circle  consists  then  of  pointing  the 
telescope  at  the  first  ol>joct  and  residing  the  position  of  tlie 
index  arm,  iuid  tjien  turning  the  telescope  (the  index 
arm  turning  with  it)  until  it  points  at  the  second  object, 
and  again  reading  the  position  of  the  index  arm.  The 
difference  of  these  readings  ia  the  angle  sought. 

To  facilitate  the  determination  of  the  exact  reading  of 
the  circle,  we  have  to  employ  special  devices,  as  the 
vernier  and  the  reoiling  microncope. 

The  Vernier.— In  Fig.  34,  M  N  \s  a  portion  of  the 
divided  limb  of  a  graduated  circle  ;  CD  is  the  index  arm 
which  revolves  with  the  telescope  about  the  centre  of  the 
circle.  The  end  ab  of  C  D  is  also  a  part  of  a  circle  eon- 
centric  with  M  iV,  and  it  is  divided  into  n  parts  or  divi- 
lious.     The  length  of  these  n  parts  is  so  chosen  that  it  is 
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the  same  as  that  of  (n — 1)  parts  on  the  divided  limb  M  N 
or  the  reverse. 

The  first  stroke  a  is  the  zero  of  the  vernier,  and  the 
reading  is  alwa^'s  deteniiined  by  the  position  of  this  zero 
or  pointer.  If  tliis  has  revolved  past  exactly  twenty  di- 
visions of  the  circle,  then  the  angle  to  be  measured  is 
20  X  <^,  <^  being  tlie  value  of  one  division  on  the  limb 
{N  M)  in  arc. 
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Call  the  angular  vahie  of  one  division  on  the  vernier  d'\ 

«  —  1  1 

(w  —  l)(i  =  n-'T, or  d'  = •d,&ndd—d'=  —di 

d  —  d'  is  called  the  Ie<uit  count  of  tlie  vernier  which  is  one 
w""  part  of  a  circle  division. 

If  the  zero  a  does  not  fall  exactly  on  a  division  on  the 
circle,  but  is  at  some  otlier  point  (as  in  tlie  figure),  for  ex- 
ample between  two  divifiions  wliose  numbers  are  /*  and 
(P  +  1),  the  whole  reading  of  the  circle  in  this  position  ia 
P  x  d  +  the  fraction  of  a  division  from  P  to  a. 

Tf  the  m"'  division  of  the  vernier  is  in  the  prolongation 
of  a  division  on  the  limb,  then  this  fraction  Pa  is  m 
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m 


(d  —<£')=  --d.      In  the  figute  n  =  10,  and  as  the  -ith 


n 
division  is  almost  exactly  in  coincidence,  m  =  4,  so  that 

4 
the  whole  reading  of  the  circle  is  P  X  d  +  -rn'  f^-    ^^  ^  '* 

10',  for  example,  and  if  the  division  P  is  niimbered  297° 
40',  then  this  reading  would  be  297°  44',  the  least  count 
being  1',  and  so  in  other  cases.  If  the  zero  had  started  from 
the  reading  280°  20',  it  must  have  moved  past  17"  24', 
and  this  is  the  angle  which  has  been  measured. 

§  e.    THE  MEREDIAJT  CXBCLE. 

The  meridian  cirele  is  a  combination  of  the  transit  in- 
strument with  a  graduated  circle  fastened  to  its  axis  and 
moving  with  it.  The  meridian  circle  made  by  Repsold 
for  the  United  States  Naval  x\cademy  at  Annapolis  is 
shown  in  the  figure.  It  has  two  circles,  c  c  and  c  e  ,  finely 
divided  on  their  sidea.  The  graduation  of  each  circle  is 
viewed  by  four  microscopes,  two  of  which,  R  R,  are 
shown  in  tlie  cut.  The  microscopes  are  90°  apart.  The 
cut  shows  also  the  hanging  level  L  L,  by  which  the 
error  of  level  of  the  axis  .^4  A  is  found. 

The  instnuucnt  can  be  used  as  a  transit  to  determine 
right  ascensions,  as  before  described.  It  can  be  also  used 
to  measure  declinations  in  the  following  way.  If  the  tele- 
scope is  pointed  to  the  nadir,  a  certain  division  of  the  cir- 
cles, as  N,  is  under  the  first  microscope.  If  it  is  pointed 
to  the  pole,  the  reading  will  change  by  the  angnlar  distance 
between  the  nadir  and  the  pole,  or  by  90°  -|-  0,  0  being 
the  latitude  of  tlie  place  (supposed  to  be  known).  The 
polar  reading  P  is  thus  known  when  the  nadir  reading 
N  is  found.  If  the  telescope  is  then  pointed  to  various 
stars  of  unknown  polar  distances,  p\  p'\p"\  etc.,  as  they 
Buccessively  cross  the  meridian,  and  if  the  circle  readings 
for  these  stars  are  P',  P",  P",  etc.,  it  follows  that 
p'  =  P'-P  \p"  =  P"-P;  p'"  =  P"'  -  P,  etc. 
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To  dctennine  the  readings  P,  P',  P",  etc.,  we  uso  the  micro- 
■copes  K,  ij,  etc.  Tlie  obstrver,  after  hnring  set  tlio  telescope  ao 
that  one  of  the  stars  shall  cross  the  field  of  view  exactly  at  its  cen- 
tre (which  may  be  here  marked  by  a  single  horizontal  thread  in 
the  reticle),  goes  to  each  of  the  microscopes  in  succession  and 
places  his  eye  at  A  (see  Fig.  1,  Jiage  8(1).  He  sees  in  the  field  of  the 
microscope  the  image  of  the  divisions  of  the  graduated  scale  (Fig.  2) 
formed  at  D  (Fig.  1),  the  common  focus  of  the  lenses  ^4  and  C. 
Just  at  that  focus  ia  placed  u  notched  scale  (Fig.  2)  and  two 
crossed  spider  lines.  These  lines  arc  fixed  to  a  sliding  frame  a  a, 
which  can  be  moved  by  turning  the  graduated  head  /''.  This  head 
is  divided  usually  into  sixty  parts,  each  of  which  h  I''  of  arc  on 
the  circle,  one  whole  revolution  of  the  lieiid  serving  to  move  the 
gliding  frame  a  a,  and  its  cros.sed  wires  through  60"  or  1'  on  the 
graduated  circle.  The  notched  scale  is  not  movable,  but  serves  to 
count  the  number  of  complete  revolutions  made  by  the  screw,  there 
being  one  notch  for  each  revolution.  The  index  i  (Fig.  2)  is  fixed, 
and  serves  to  count  the  number  of  parts  of  F  which  are  carried  past 
it  by  the  revottittoii  of  this  head. 

If  on  setting  the  crossed  threads  at  the  centre  of  the  motion  of 
F,  and  looking  into  the  microscope,  a  division  on  the  circle  coin- 
cides with  the  cross,  the  reading  of  the  circle  P  is  the  exact  num- 
ber of  degrees  and  minutes  corresponding  to  that  particular  divi- 
•ion  on  the  divided  circle. 

Usually,  however,  the  cross  has  been  apparently  carried  jiatt  one 
of  the  exact  divisions  of  the  circle  by  a  certain  quantity,  which  ia 
now  to  be  measured  and  added  to  the  reading  currcsjionding  to 
this  adjacent  division.  This  measure  can  be  made  by  turning  the 
■crew  back  say  four  revolutions  (measured  on  the  notched  scale) 
plu*  37'3  parts  (measured  by  the  index  t).  If  the  division  of  the 
circle  in  question  was  179'  50',  for  ex.implc,  the  complete  reading 
would  be  in  this  case  170°  50'  +  4'  37'  -3  or  179'  54' 37" -3.  Such 
a  reading  is  made  by  each  microscope,  and  the  mean  of  the  min- 
utes and  seconds  from  all  four  taken  as  the  circle  reading. 

We  now  know  how  to  obtain  the  readings  of  our  circle  when 
directed  to  any  point.  We  require  some  zero  of  reference,  as 
the  nadir  reading  {N),  the  polar  reading  (P),  the  equator  reading, 
(Q),  or  the  zenith  reading  {Z).  Any  oue  of  these  being  known,  the 
circle  readings  for  any  stars  as  P,  /*",  P"',  etc.,  can  be  turned  into 
polar  distances  p',  p",  p'".  etc. 

The  nadir  reading  (y)  is  the  zero  commonly  employed.     It  can 

[be  determined  by  pointing  the  telescope  vertically  downward  at 

*  basin  of  mercury  placed  immediately  beneath  the  instrument,  and 

turning  the  whole  instrument  about  the  axis  imtil  the  middle  wire 

of  the  reticle  seen  directly  exactly  coincides  with  the    image  of 

this  wire  seen  by  reflectiua  from   the  surface  of   the  quicksilver. 

When  this  is  the  case,  the  telescope  is  vertical,  as  can   be  easily 

seen,  and    the  nadir   reading    may   be   found    from   the    circles. 

The  meridian  circle  thus  serves  to  determine  both  the  right  ascen- 

LfioD  and  declination  of  a  given  star  at  the  same  culmination.    Zone 

ifibserratioDs  are  made  with  it  by  clamping  the  tvlvscoue  in  oaa 


1 


86 


ASTROWOMT. 


nti. 


ffii 


rif.3. 


'\ 


T.g.4. 


J^ 


i^ 


/ 


FlO.    30,— RKAPINO   MJCBOSCOrE,    MICnOMETEB  AND  LEVKL. 


TBS  MQUATOBZAZ.  87 


direction,  tnd  obMrring  tuccMwrely  the  fUn  wluch  pwa  thnxMA 
its  field  of  riew.  It  k  by  tide  npid  method  of  otweniag  that  the 
largest  catalogues  of  stan  hare  beeo  torw^A. 

§  7.    THE  EQUATOBIAI.. 

To  complete  tLe  ennmeration  and  description  of  the 
principal  inetramcnts  of  aetronomj,  we  require  an  acconnt 
of  the  equatorial.  This  term,  properly  speaking,  refers 
to  a  form  of  monnting,  but  it  is  commonlv  need  to  in- 
clnde  both  monnting  and  telescope.  In  this  class  of 
instmments  the  object  to  be  attained  is  in  general  the 
easy  finding  and  following  of  anj  celestial  object  whose 
apparent  place  in  the  heavens  is  known  bjr  its  right  as- 
cension and  declination.  The  equatorial  moimting  con- 
sists essentially  of  a  pair  of  ajees  at  right  angles  to  each 
other.  One  of  these  S  N  (the  polar  axU)  is  directed  to- 
ward the  elevated  pole  of  the  heavens,  and  it  therefore 
makes  an  angle  with  the  horizon  equal  to  the  latitude  of 
the  place  (p.  21).  This  axis  can  be  turned  alxiut  its  own 
axial  line.  On  one  extremity  it  carries  another  axis  L  D 
(the  dwltnation  axtn),  which  is  fixed  at  right  angles  to  it, 
bnt  which  can  again  be  rotated  about  iU  axial  line. 

To  this  last  axis  a  telescope  is  attached,  which  may 
either  be  a  reflector  or  a  refractor.  It  is  plain  that  such  a 
telescope  may  bo  directed  to  any  point  of  tlie  heavens  ; 
for  we  can  rotate  the  declination  axis  until  the  telescope 
points  to  any  given  polar  distance  or  declination.  Then, 
keeping  the  telescope  fixed  In  respect  to  the  declination 

is,  we  can  rotate  the  whole  instrument  as  one  mass 
about  the  polar  axis  until  the  telescope  points  to  any  por- 
tion of  the  parallel  of  declination  defined  by  the  given 
right  ascension  or  hour-angle.  Fig.  37  is  an  equatorial  of 
six-inch  aperture  which  can  be  moved  from  place  to  place. 

If  we  point  such  a  telescope  to  a  star  when  it  is  rising 
(doing  this  by  rotating  the  telescope  first  about  its  decli- 
nation axis,  and  then  about  the  polar  axis),  and  fix  the 
telescope  in  this  position,  we  can,  by  simply  rotating  the 
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whole  apparatus  on  the  polar  axis,  cause  tlie  telescope  to 
trace  out  on  the  celestial  sphere  the  apparent  diurnal  path 
which  this  star  will  appear  to  follow  from  rising  to  set- 
ting. In  such  telescopes  a  driving-clock  is  so  arranged 
tliat  it  can  tuni  the  telescope  round  the  polar  axis  at  the 
same  rate  at  which  the  earth  itself  turns  about  its  own  axis 
of  rotation,  but  in  a  contrary  direction.  Hence  such  a 
telescope  once  pointed  at  a  star  will  continue  to  point  at  it 
as  long  a.«i  the  driving-clock  is  in  operation,  thus  enabling 
the  astronomer  to  observe  it  at  his  leisure. 


PlO.  38. — MEA8UnEMRNT  OF  PoerrioN-ASGLB. 

Every  equatorial  telescope  intended  for  making  exact  measures 
hns  a  Jfilnr  mierometer,  which  ia  precisely  the  sume  in  principle  oa 
the  reading  microscope  in  Fig.  2,  page  83,  except  that  its  two  wires 
^e  porallel. 

A  figure  of  this  instniment  is  given  in  Fig.  3,  page  86.  One  of 
the  wires  is  tixeil  iind  thi;  other  is  movable  by  the  screw.  To 
mea.sure  the  di.Htance  ii|>!»rt,  of  two  objects  A  and  B,  wire  1  (the 
fixed  wire)  is  pluccd  on  .1  and  wire  2  (movable  by  the  screw)  is 
placed  on  B.  The  numbfr  of  revolutions  and  parts  of  a  revolution 
of  the  screw  is  noted,  sny  10' -287  ;  then  wires  1  and  2  are  placed 
in  coincidence,  and  this  zrro-rftiiUng  noted,  say  5' -143.  The  dis- 
tance A  B'w  equal  In  .V- 124.  Placing  wires  1  and  2  a  known  num- 
ber of  revolutions  apart,  we  may  ob.scrv)!  the  transits  of  a  star  in  the 
equator  over  them  ;  and  from  the  interval  of  time  required  for  this 
star  to  move  over  say  fifty  revolutions,  the  value  of  one  revolution 
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is  known,  and  can  always  be  used  to  turn  distances  measured  in 
revolutions  to  distances  in  time  or  arc. 

By  the  filar  micrometer  we  can  determine  the  distance  apart  in 
seconds  of  arc  of  any  two  stars  ^4  and  B.  To  completely  fix  the 
relative  position  of  A  and  D,  we  require  not  only  this  distance,  but 
also  the  angle  wliich  the  line  A  B  makes  with  some  fixed  direction 
in  space.  We  assume  as  the  fixed  direction  that  of  the  meridian 
passing  through  A.  Suppose  in  Fig.  38  A  and  /?  to  be  two 
stars  visible  m  the  field  of  the  equatorial.  The  clock-work 
is  detached,  and  by  the  diurnal  motion  of  the  earth  the  two 
stars  will  cross  the  field  slowly  in  the  direction  of  the  fxtrtilUl  of 
declination  passing  through  A,  or  in  the  direction  of  the  arrow  in 
the  figure  from  E.  to  W.,  cast  to  west.  The  filar  micrometer  is  con- 
structed so  that  it  can  be  rotated  bodily  about  the  axis  of  the  tele- 
scope, and  a  graduated  circle  measures  thu  amount  of  this  rotation. 
The  micronieter  is  then  rotated  until  the  star  A  will  pass  along 
one  of  its  wires.  This  wire  marks  the  direction  of  the  parallel. 
The  wire  perpendicular  to  this  is  then  in  the  meridian  of  the  star. 

The  ftotiliun  iingle  of  Ti  with  ri^spect  to  .-l  is  then  the  angle  which 
A  B  makes  with  the  meridian  A  N  passing  through  A  toward  the 
north.  It  is  zero  when  B  is  north  of  A,  BO*  when  B  is  cast,  180 
when  B  is  south,  and  370"  when  B  is  west  of  A,  Knowing  />,  the 
position  angle  (N  A  B  in  the  figure),  and  «  (.-1  B)  the  distance  of  B, 
we  can  find  the  difference  of  right  ascension  (A  a),  and  the  differ- 
ence of  declination  (b,i)  ot  B  from  A  by  the  formulte, 

Aa  =  *  sin  ji ;   &i  =  >  cos  p. 

Conversely  knowing  ^  and  &i,  we  can  deduce  t  and  p  from 
these  formulie.  The  angle  p  is  measured  while  the  clock-work 
keeps  the  star  A  in  the  centre  of  the  field. 

§  8.    THE    ZENITH    TELESCOPE. 

The  accompanying  figure  gives  a  view  of  the  zenith  teleacope  in 
the  form  in  which  it  is  used  by  the  United  States  Coast  Survey.  It 
consists  of  a  vertical  pillar  which  supports  two  T».  In  these 
rests  the  horizontal  axis  of  the  instrument  which  carries  the  tele-  • 
scope  at  one  end,  and  a  counterjxiise  at  the  other.  The  whole  in- 
strument can  revolve  180*  in  azimuth  about  this  pillar.  The  tele- 
scope has  a  micrometer  at  its  eye-end,  and  it  also  carries  a  divided 
circle  provided  with  a  fine  level.  A  second  level  is  provided, 
whose  use  is  to  make  the  rotation  axis  horizontal.  The  iieculiar 
features  of  the  zenith  telescope  are  the  divided  circle  ana  ita  at- 
tached level.  The  level  is,  as  shown  in  the  cut,  in  the  plane  of 
motion  of  the  telescope  (usually  the  plane  of  the  meridian),  and  it 
can  be  independently  rotated  on  the  axis  of  the  divided  circle,  and 
set  by  means  of  it  to  any  angle  with  the  optical  axis  of  the  telescope. 
The  "circle  is  divided  from  zero  (0")  at  ita  lowest  point  to  90*  in 
each  direction,  and  is  firmly  attached  to  the  telescope  tube,  and 
moves  with  it. 

By  setting  the  vernier  or  index-arm  of  the  circle  to  any  degree 
and  minute  aa  u,  and  clumping  it  there  (the  level  moving  with  it) 
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and  then  rotating  (h<i  tt'leaoopc  and  the  whole  system  about  the 
horizontal  axis  until  the  bubble  of  the  level  is  in  the  centre  of  the 
level-tube,  the  axis  of  the  telescopes  will  be  directed  to  the  7.enith 
distance  a.  The  filar  micrometer  is  so  adjusted  that  a  motion  of  its 
screw  measures  differences  of  zenith  distance.  The  use  of  the  ze- 
nith telescope  is  for  determining  the  latitude  by  Talcott'b 
method.  The  theory  of  this  operation  has  been  already  given  on 
page  48.  A  description  of  the  actual  process  of  observation  will 
illustrate  the  excellences  of  this  method. 

Two  stars,  A  and  B,  are  selected  beforehand  (from  Star  Cata- 
logues), which  culminate,  .1  south  of  the  zenith  of  the  place  of  ob- 
servation, B  north  of  it.  They  are  chosen  at  nearly  equal  zenith  dis- 
tances 4*  and  i',  and  so  that  {* — i*  is  less  than  the  breadth  of  the 
field  of  view.  Their  right  ascensions  are  also  chosen  so  as  to  be  about 
the  same.  The  circle  is  then  set  to  the  mean  zenith  distance  of  the 
two  stars,  and  the  telescope  is  pointed  so  that  the  bubble  is  nearly  in 
the  middle  of  the  level.  Suppose  the  nght  ascension  of  A  is  the 
smaller,  it  will  then  eulminate  first.  The  telescope  is  then  turned 
to  the  south.  As  .1  passes  near  the  centre  of  the  field  its  distance 
from  the  centre  is  measured  by  the  micrometer.  The  level  and 
micrometer  are  read,  the  whols  instrument  is  revolved  180°,  and 
star  B  is  observed  in  the  same  way. 

By  these  operations  wo  have  determined  the  difference  of  the 
zenith  distances  of  two  stars  whose  declinations  <)*•  luid  *•  are 
known.     But  f  being  the  latitude, 

^  =  <J*  -I-  e*  and  ^  =  a*  —  {■,  whence 

Tliu  first  term  of  this  is  known  ;  the  second  is  measured  ;  so  that 
each  pair  of  stars  so  observed  gives  a  value  of  the  latitude  which 
depends  on  the  measure  of  a  very  small  arc  with  the  micrometer, 
and  as  this  arc  can  be  measured  with  great  precision,  the  exactness 
of  the  determination  of  the  latitude  is  equally  great. 


§  9.    THE   SKXTAITT. 

Tlie  sextant  is  a  portable  instrument  by  which  the  altitudes 
of  celestial  bodies  or  the  angular  distances  between  them  may 
be  measured.  It  is  used  chiefly  by  navigators  for  determining  the 
latitude  and  the  local  time  of  the  {rasition  of  the  ship.  Knowing 
the  local  time,  and  comjwring  it  with  a  chronometer  regulated  on 
Greenwvcb  time,  the  longitude  becomes  known  and  the  ship's  place 
is  fixed. 

It  consists  of  the  arc  of  a  divided  circle  usually  60*  in  extent, 
whence  the  name.  This  arc  is  in  fact  divided  into  120  equal  partm, 
each  marked  as  a  degree,  ond  these  are  again  divided  into  smaller 
spaces,  so  that  by  means  of  the  vernier  at  the  end  of  the  index-arm 
AT  S  an  arc  of  10"  (usually)  may  be  read. 

The  iiidfj-arm  M  S  carries  the  inda-gliiM  M,  which  is  a  silvered 
plane  mirror  set  perpendicular  to  the  plane  of  the  divided  arc.  The 
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lutriton-gloM  m  ia  also  n  plane  mirror  fixed   perpendicular  to  the 
plane  of  the  divided  circle. 

This  last  glass  is  tixed  in  position,  while  the  first  revolvca  with 
the  index-arm.  The  horiKon-gloss  is  divided  into  two  parU,  of 
which  the  lower  one  is  silvered,  the  upper  half  being  transparent. 
£  is  a  telescope  of  low  power  iwinted  toward  the  horizon-glass. 
Bv  it  any  object  to  which  it  is  directed  can  be  seen  through  the  un- 
ailvered  half  of  the  horizon-glass.  Any  other  object  in  the  same 
plane  can  be  brought  into  the  same  field  by  rotating  the  index-arm 


Fig.  40.— the  sextant. 

(and  the  indcx-ghiss  with  it),  so  that  a  beam  of  light  from  this 
■econd  object  shull  strike  the  index-glass  at  the  proper  angle,  there 
to  be  reflected  to  the  horizon-glass,  and  again  reflected  down  the 
telescope  K.  Thus  the  iimiges  of  any  two  objects  in  the  plane  of 
the  sextant  may  be  brought  together  in  the  telescope  by  viewing 
one  directly,  and  the  other  by  reflection. 

The  principle  u|ton  which  the  sextant  depends  ia  the  following, 
which  IS  proved  in  optical  works.  /"A*  ant/U  beticeen  thejirtt  anil 
the  last  direction  of  a  ray  which  ha*  mffered  lav  rejUctitnu  in  th»  taint 
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plane  it  equal  to  UtiM  the  angle  uhieh  the  t\eo  reflteting  nafae^t  make 
vilh  tach  other. 

In  the  figure  8  A'vi  the  ray  incident  upon  A,  and  this  ray  is  by 
reflection  brought  to  the  direction  B  E.  The  theorem  declares 
that  the  angle  B E  8\t  equal  to  twice  D  C B,  or  twice  the  angle  of 


thcmirrorB,  Bincc  BO  and  D  Cure  perpendicular  to  £and  A.  To 
measure  the  altitude  of  a  star  {or  the  sun)  at  sea,  the  sextant  is  held 
in  the  hand,  and  the  telescope  is  pointed  to  the  sea-horizon,  which 
appears  like  a  definite  line.  The  indcx-urm  is  then  moved  until 
the  reflected  image  of  the  sun  or  of  the  star  coincides  with  the 


FlO.    42, —ARTIFICIAL   nOBIZON. 

image  of  the  sea-horizon  seen  directly.  When  this  occurs  the  tima 
is  to  be  noted  from  a  chronometer.  If  a  star  is  observed,  the  read- 
ing of  the  divided  limb  f,'ive8  the  altitude  directly  ;  if  it  is  the 
sun  or  moon  which  has  Iteen  observed,  the  lower  limb  of  these  is 
brought  to  coincide  with  the  horizon,  and  the  nltituile  of  thocentrw 
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is  found  by  applying  the  semi-diameter  as  found  in  the  Nautical 
Almanac  to  the  observed  altitude  of  the  limb. 

The  angular  distanci'  apart  of  a  star  and  the  moon  can  >>e  meas- 
ured by  pointing  the  telescope  at  the  star,  revolving  the  whole  sex- 
tant about  the  sight-line  of  the  telescope  until  the  plane  of  the  di- 
yided  arc  passes  through  both  stnr  and  moon,  and  then  by  moving 
the  index-arm  until  the  reflected  diuuu  is  just  in  contact  with  the 
star's  image  seen  directly. 

On  shore  the  horizon  is  broken  up  by  buildings,  trees,  etc.,  and 
the  observer  is  therefore  obliged  to  have  recourse  to  an  artificial 
horuon,  which  consists  usually  of  the  reflecting  surface  of  some 
liquid,  as  mercury,  contained  in  a  small  vessel  A,  whose  upper 
surface  is  necessarily  parallel  to  the  horizon  D  A  C.  A  my  of  tight 
8  A,  from  a  star  at  .S,  incident  on  the  mercury  at  A,  will  be  reflected 
in  the  direction  ^-1  E,  making  the  angle  S  A  C  =  C  A  S"  (A  S  be- 
ing E  A  j>roduccd),  and  the  re tlcctecl  image  of  the  star  will  appear 
to  An  eye  at  B  as  fur  below  the  horizon  as  the  real  star  is  above  it. 
With  a  sextant  whose  index  and  horizon-glasses  are  at  /  and  II,  the 
angle  8  E  S  may  be  mett.sured  ;  but  8  E  S  =  8  A  S  —  A  8  B, 
and  if  .^  i?  is  exceedingly  small  as  com[>nred  with  .4  S,  as  it  is  for 
all  celestial  bodies,  the  angle  A  8  £  may  be  neglected,  and  8  B  8" 
will  equal  8  A  8',  or  double  the  altitude  of  the  object :  hence  one 
half  the  reading  of  the  instrument  will  give  the  apparent  altitude. 


CHAPTER  III. 

MOTION    OF    THE    EARTH. 

§  1.    ANCIENT  IDEAS  OP  THE  PLAITETS. 

It  was  observed  by  tbe  ancients  that  wliile  the  great 
mass  of  the  stura  niaiiitaiiied  their  positions  relatively  to 
each  otlier  not  only  during  each  diurnal  revolution,  but 
month  after  month  and  j'ear  after  year,  there  were  visi- 
ble to  them  seven  heavenly  bodies  which  changed  their 
positions  relatively  to  the  stars  atul  to  each  other.  These 
they  called  planets  or  wandering  stars.  Still  calhng  the 
apparent  crystalline  vault  in  which  the  stars  seem  to 
be  set  the  celestial  sphere,  and  imagining  it  as  at  rest, 
it  was  found  that  the  seven  planets  performed  a  very 
slow  revolution  around  the  sphere  from  west  to  east, 
in  periods  ranging  from  one  month  in  the  case  of  the 
moon,  to  thirty  years  in  that  of  Saturn.  It  was  evident 
that  these  bodies  could  not  be  considered  as  set  in  the 
same  solid  sphere  with  the  stars,  because  they  could  not 
then  change  their  positions  among  the  stars.  Various 
ways  of  accounting  for  their  motions  were  therefore  pro- 
posed. One  of  the  earliest  conceptions  is  associated  with 
the  name  of  PvrnAdoKAs.  He  is  said  to  have  taught  that 
each  of  the  seven  planets  had  its  own  sphere  inside  of  and 
concentric  with  that  of  the  fixed  stars,  and  that  these 
seven  hollow  spheres  each  performed  its  own  revolution, 
independently  of  the  others.  This  idea  of  a  number  of  con- 
centric solid  spheres  was,  however,  apparently  given  up 
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witliont  any  one  having  taken  tke  trouble  to  refnte  it  hy 
argument.  Althoiigli  at  tirat  sight  plausiblo  enougii,  a 
close  examination  would  show  it  to  bo  entirely  inconsis- 
tent with  the  observed  facts.  The  idea  of  the  fixed  fitars 
being  set  in  a  solid  sphere  was,  indued,  in  seemjugly 
perfect  accord  with  their  diurnal  revolution  as  ol)6erved 
by  the  naked  eye.  But  it  was  not  so  with  the  planets. 
The  latter,  after  continued  oljscrvation,  were  found  to 
move  sometimes  backward  and  sometimes  forward  ;  and 
it  was  quite  evident  that  at  certain  periods  they  were 
nearer  the  earth  than  at  other  periods.  These  motions 
were  entirely  inconsistent  with  the  theory  that  they  were 
fixed  in  solid  spliercs.  Still  the  old  language  continued  in 
use — the  word  sphere  meaning,  not  a  solid  body,  but  the 
space  or  region  within  which  the  planet  moved. 

These  several  conceptions,  as  well  as  those  which  fol- 
lowed, were  all  steps  toward  the  truth.  The  planets  were 
rightly  considered  as  bodies  nearer  to  us  than  the  fixed 
stars.  It  wius  also  rightly  judged  that  those  which  moved 
most  slowly  were  the  moat  distant,  and  thus  their  order  of 
distance  from  the  earth  was  correctly  given,  except  in  the 
case  of  Mercury  and  Vtnius. 

We  now  know  that  these  seven  planets,  together  with 
the  earth,  and  a  number  of  other  bodies  which  the  tele- 
scope has  made  known  to  us,  form  a  family  or  system  by 
themselves,  the  dimensions  of  which,  although  inconceiv- 
ably greater  than  any  wluch  we  have  to  deal  with  at  the 
snrface  of  the  earth,  are  quite  insignificant  when  com- 
pared with  the  distance  which  separates  us  from  the  fixed 
kistare.  The  sun  being  the  great  central  body  of  this  sys- 
tem, it  is  called  the  &lar  System,.  It  is  to  the  motions  of 
its  several  bodies  ;md  the  consequences  which  flow  from 
them  that  the  attention  of  the  reader  is  directed  in  the 
following  chapters.  We  premise  that  there  are  now  known 
to  be  eight  large  planets,  of  which  the  earth  is  the  third 
in  the  order  of  distance  from  the  sun,  and  that  these 
bodies  all  perform  a  regular  revolution  around  the  sun. 
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Mercury f  the  nearest,  performs  its  revolution  in  three 
months  ;  JVf-pttm-e,  the  farthest,  in  104  years. 

First  in  importance  to  us,  among  the  heavenly  bodies 
which  we  see  from  the  earth,  stands  tlie  sun,  the  supporter 
of  hfe  and  motion  npon  the  earth.  At  tirst  sight  it  might 
seem  curious  th;it  the  sun  and  scorning  stars  like  Mara 
and  Saiurn  eliould  have  hcen  classified  together  as  planets 
by  the  ancients,  while  the  fixed  stars  were  considered  as 
forming  another  chiss.  That  tlie  ancients  were  acnte 
enough  to  do  this  tends  to  impress  us  with  a  favorable 
sense  of  the  scientitic  character  of  their  intellect.  To  any 
but  the  most  careful  theori.sts  and  observers,  the  star-like 
planets,  if  we  may  call  them  so,  would  never  have  seemed 
to  belong  in  the  same  cliiss  A'ith  the  sim,  but  rather  in 
that  of  the  stare  ;  especially  when  it  was  found  that  they 
were  never  visible  at  the  same  time  with  the  smi.  But 
before  the  times  of  which  we,  have  any  historic  record, 
there  were  men  wlio  saw  that,  in  a  motion  from  west  to 
east  among  the  fixed  stars,  these  several  bodies  showed  a 
common  character,  which  was  more  essential  in  a  theory 
of  the  universe  titan  their  iiinnense  differences  of  asjtect 
and  lustre,  striking  though  these  were. 

It  must,  however,  be  remembered  that  we  no  longer 
consider  the  sun  a-s  a  planet.  We  have  mwlified  the  an- 
cient system  by  making  the  sun  and  the  earth  change 
places,  so  that  the  latter  is  now  regarded  as  one  of  the  eight 
large  planets,  while  tlie  former  has  taken  the  place  of  the 
earth  ;ib  the  central  liody  of  the  system.  In  consequence 
of  the  revolution  of  the  planets  roimd  the  Bun,  each  of 
them  seems  to  perform  a  corresponding  circuit  in  the 
heavens  around  the  celestial  sphere,  when  viewed  from 
any  other  planet  or  from  the  earth. 

2.    AlOTDAL  HEVOLUTION  OP  THE  EAKTH. 

To  an  obsen'er  on  the  eartli,  the  sun  seems  to  perform  an 
annual  revolution  aiuoug  the  stars,  a  fact  which  has  l^een 
known  from  early  ages.     We  now  know  that  this  motion 
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fixed  stare.  Tliis  sphere,  heing  supposed  infinitely  dia- 
fcant,  must  be  considered  as  infinitely  larger  than  the  circle 
A  B  G  D.  Suppose  now  that  1,  2,  3,  4,  5,  6  are  a 
nuiiiber  of  consecutive  positions  of  the  earth.  The  line 
lA' drawn  from  the  sun  to  tlie  c.irtli  in  the  first  position  is 
called  the  radius  vector  of  the  earth.  Suppose  this  line 
extended  infinitfly  so  as  to  meet  the  celestial  sphere  in 
the  point  1'.     It  is  evident  that  to  an  observer  on  the 
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earth  at  1  the  Bun  will  appear  projected  on  tlie  sphere 
in  the  direction  of  1'.  When  the  cartli  reaches  2,  it 
will  appear  in  the  direction  of  2',  and  so  on.  In  other 
words,  as  the  earth  revolves  around  the  sun,  the  latter 
will  seem  to  perform  a  revolution  among  the  fixed  stars, 
which  are  innnensely  more  distant  than  itself. 

It  is  also  evident  that  the  point  in  wiiich  the  earth  would 
be  projected,  if  viewed  from  the  sun,  is  always  exiictlj 
opposite  that  in  which  the  sun  appears  as  projected  from 
the  earth.  Moreover,  if  the  eartli  moves  more  rapidly  in 
some  points  of  its  orbit  than  in  others,  it  is  evident  that 
the  sun  will  also  appear  to  move  more  rui)idly  among  the 
stars,  and  that  the  two  motioos  must  always  accurately 
correspond  to  each  other. 

We  now  have  the  following  definitions  : 

The  raJiun  vedor  of  the  earth  is  the  straight  line  from 
the  centre  of  the  sun  to  the  centre  of  the  earth. 

As  the  earth  describes  its  annual  revolution  around  the 
sun,  its  nidiurt  vector  describes  a  plane.  This  phme  is 
called  ifie  plune  of  tlie  ecliptic. 

If  the  plane  of  the  ecliptic,  l>eing  continued  indefinitely 
in  all  dii'ections,  the  great  circle  in  which  it  cuts  tlie  ce- 
lestial rtphere  is  called  the  circle  of  tfie  ecliptic,  or  simply 
the  ecliptic. 

The  oitis  of  the  ecliptic  is  a  straight  line  piissing  through 
the  centre  of  tlie  sun  at  right  angles  to  the  plane  of  the 
ecliptic. 

The  poles  of  the  ecliptic  are  the  two  opposite  points  in 
wliich  tlie  axis  of  the  ecliptic  intersects  the  celestial 
sphere. 

Every  point  of  the  circle  of  the  ecliptic  is  neceeaarily 
90°  from  eacli  pole. 

Eff'ect  of  the  svn^H  annvnl  motion  upon  tht?  rising  and 
Betting  of  the  sUtrs. — It  is  evident  from  Fig.  43  that  the 
sun  appears  to  perfonu  an  annual  revolution  from  west  to 
cast  anujiig  the  stars,  ircnce,  if  we  watch  any  star  for  a 
few  weeks,  wo  shall  find  it  to  rise,  cross  the  iveridian,  and 
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let  about  4  miimtee  earlier  every  day  than  it  did  the  day 
before. 

Let  UB  take,  for  example,  the  bright  reddish  star,  Alde- 
liaran,  which,  on  a  winter  evening,  we  may  see  north- 
west of  Orion.  Near  the  end  of  February  this  star  crosses 
tlie  meridian  about  six  o'clock  in  the  evening,  and  sets 
about  midnight.  If  we  watch  it  night  after  night  through 
the  months  of  March  and  April,  we  shall  find  that  it  is  far- 
ther and  farther  toward  the  west  on  each  successive  even- 
ing at  the  same  hour.  By  the  end  of  April  we  shall  bare- 
ly be  able  to  see  it  about  tJie  close  of  the  evening  twilight. 
At  the  end  of  May  it  will  Iw  so  close  to  tlie  sun  as  to  be 
entirely  invisible.  This  shows  tliat  during  the  montlis  we 
have  been  watching  it,  the  sun  has  been  approaching  the 
star  from  the  west.  If  in  July  we  wateli  the  eastern 
liorizon  in  the  early  morning,  we  sh.-ill  see  this  star  rising 
before  the  sun.  Tlie  sun  has  therefore  passed  by  the 
star,  and  is  now  east  of  it.  At  the  end  of  November  we 
will  find  it  rising  at  sunset  and  setting  at  sunrise.  Tlie 
sun  is  therefore  directly  opposite  the  star.  During  the 
winter  montlis  it  approaclics  it  again  from  the  west,  and 
passes  it  about  the  end  of  May,  as  before.  Any  otiier 
star  south  of  the  zenith  shows  a  similar  change,  since  the 
relative  positions  of  tlio  stare  do  not  vary. 


§  3.  THE  SUN'S  APPABENT  PATH. 

It  is  evident  that  if  the  apparent  path  of  the  sun  lay  in 
the  equator,  it  would,  during  the  entire  year,  rise  exactly 
in  the  east  and  set  in  the  west,  and  would  always  cross 
the  meridian  at  the  same  altitude.  The  days  would 
always  be  twelve  hours  long,  for  the  same  reason  that  a 
star  in  the  equator  is  always  twelve  hours  above  the  hori- 
zon and  twelve  hours  below  it.  But  we  know  that  this 
is  not  the  case,  tlie  sun  being  sometimes  north  of  the 
equator  and  sometimes  south  of  it,  and  therefore  having 
a  motion   in   declination.      To  understand  this  motion, 
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suppose  tliat  on  March  19tb,  187S,  the  sun  had  been 
observed  with  a  lueridian  circle  and  a  sidereal  clock  at  the 
moment  of  transit  over  the  meridian  of  Washington.  Its 
position  would  have  been  found  to  bo  this  : 

Right  Ascension,  23"  55"  23' ;  Declination,  0°  30'  south. 

Had  the  observation    been  repeated  on  the  20th  and 
following  days,  the  results  would  have  been  : 

March  20,  R.  Ascen.  23"  SS"    2';  Dec  0°    6'  South. 

21,  "  0"    2"' 40';     "     0°  17' North. 

22,  "  0"    6-»  19* ;     "    0°  41'  North. 


FlO,   44.— THE  flUN  CBOflSIXQ  THK  BQUATOB. 

If  we  lay  these  positions  down  on  a  chart,  we  shall  find 
them  to  be  as  in  Fig.  44,  the  centre  of  tlie  sun  being 
south  of  the  equator  in  the  first  two  positions,  and  north 
of  it  in  the  last  two.  Joining  the  successive  positions  by 
a  hne,  we  shall  have  a  small  portion  (»f  the  apparent  path 
of  the  sua  vn  the  celestial  sphere,  or,  in  other  words,  a 
small  part  of  the  ecliptic. 

It  is  clear  from  tlte  observations  and  the  figure  that  the 
sun  crossed  the  equator  between  six  and  seven  o'clock  on 
the  afternoon  of  March  20th,  and  therefore  that  the  equa- 
tor and  ecliptic  intersect  at  the  point  where  the  stm  was  at 
that  hour.     This  point  is  culled  the  vernal  cf/uinox,  tho 
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first  word  indicating  the  season,  wliile  the  second 
expresses  the  equality  of  the 
nights  and  days  which  occurs 
when  t]ie  sun  is  on  the  equator. 
It  will  be  reiiieitibered  that  tliis 
equinox  is  the  point  from  which 
right  ascensions  are  counted  in 
the  lieaveiis  in  the  sjime  way 
that  longitudes  on  the  earth  are 
counted  from  Greenwich  or 
Washington.  The  sidereal 
clock  is  therefore  so  set  that 
tlie  liands  shall  read  0  hours 
0  minutes  0  seconds  at  the 
moment  when  the  venial  equi- 
nox crosses  the  meridian. 

Continuing  our  observations 
of  the  sun's  apparent  course  for 
six  mfjnths  from  Marcli  2'>th 
till  Septenilter  23J,  we  should 
find  it  to  lie  as  in  Fig.  45.  It 
will  be  seen  that  Fig.  44  cor- 
responds to  tho  right-hand  end 
of  45,  but  is  on  a  much  larger 
Bcale.  The  sun,  moving  along 
the  great  circle  of  the  ecliptic, 
will  reacli  its  greatest  northern 
dcchnation  about  June  2l8t. 
This  point  is  indicated  on  the 
figure  as  90°  from  the  vernal 
equinox,  and  is  called  the  guiix- 
nver  sohtur.  The  sun's  right 
ascension  is  then  six  hours,  and 
its  declination  23^"  north. 

The  course  of  the  Bim  now 
inclines  toward  the  south,  and 
it  again  crosses  the  equator    about  September  22d  st 
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a  point  diametricallv  opposite  the  vernal  equinox.  In 
virtue  of  the  theorem  of  sphcriral  trigonometry  tliat  all 
great  circles  intersect  each  other  in  two  opposite  points, 
the  ecliptic  and  equator  intersect  at  the  two  opposite  equi- 
noxes. The  equinox  which  the  fiun  crosses  on  September 
22(1  is  called  the  autumnal  equinox. 

During  the  six  months  from  September  to  March  the 
sun's  course  is  a  counterpart  of  that  from  March  to  Sep- 
tember, except  that  it  lies  south  of  the  equator.  It  at- 
tiiius  its  greatest  south  declination  al)out  December  22d, 
in  right  iwcension  IS  liours,  and  south  declination  23J°. 
This  point  is  called  the  winU'r  sohtice.  It  then  begins  to 
incline  its  course  toward  the  north,  reaching  the  vernal 
equinox  again  on  March  20th,  18S0. 

The  two  e<piiuoxes  and  the  two  solstices  may  be  re- 
garded Jis  the  four  cardinal  jmints  of  the  sun's  apparent 
annual  circuit  around  the  heavens.  Its  passage  through 
these  points  is  determined  by  mcjisuriiig  its  altitude  or 
declination  from  day  to  day  with  a  meridian  circle.  Since 
in  our  latitude  greater  altitudes  correspond  to  greater 
declinations,  it  follows  that  the  summer  solstice  occurs  on 
the  day  when  the  altitude  of  the  sun  is  greatest,  and  the 
winter  solstice  on  that  when  it  is  least.  Tiie  mean  of 
these  altitinles  is  tliat  nf  the  equator,  and  may  therefore 
be  found  by  subtracting  the  latitude  of  the  place  from 
90^.  The  time  when  the  sun  reaches  this  altitude  going 
north  marks  the  vernal  equinox,  and  that  when  it  reaches 
it  going  south  marks  the  autunma!  equinox. 

These  pitssagcs  of  the  sun  through  the  cardinal  points 
have  been  the  subjects  of  astronomical  observation  from 
the  earliest  ji^es  on  account  of  their  relations  to  the  change 
of  the  seasons.  An  ingenious  method  of  finding  the  time 
when  the  sun  reached  the  equinoxes  was  used  by  the  as- 
troiiotnei-s  of  Alexandria  alnnit  the  beginning  of  our  era. 
In  the  great  Alexandrian  Museum,  a  large  ring  or  wheel 
was  set  up  parallel  to  the  plane  of  the  equator — in  other 
words,  it  was  so  tixed  that  a  star  at  the  pole  would  shiue 
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perpendiPTilarly  on  the  wheel.  Evidently  its  plane  if 
extended  must  have  passed  through  the  east  and  west 
point*  of  the  horizon,  while  ita  inclination  to  the  vertical 
was  equal  to  the  latitude  of  the  place,  which  wag  not  far 
from  30°.  "Whoa  the  sun  reached  the  etjuator  going  north 
or  Bouth,  and  shone  upon  this  wheel,  its  lower  edge  would 
be  exactly  covered  by  the  flhadow  of  the  upper  edge  ; 
whereas  in  any  other  position  the  Bun  would  ehine  upon 
the  lower  inner  edge.  Tlius  the  time  at  which  the  Bun 
reached  the  equinox  could  bo  determined,  at  least  to  a 
fraction  of  a  day.  By  the  more  exact  metho<l8  of  modem 
times,  it  cjin  he  dctenniued  within  less  tlian  a  miunte. 

It  will  be  seen  that  thia  method  of  determining  the  an- 
nual apparent  course  of  the  sun  by  its  declination  or  alti- 
tude is  entirely  independent  of  its  relation  to  the  fixed 
Btars ;  and  it  could  be  equally  well  applied  if  no  stars 
were  ever  visible.  There  are,  therefore,  two  entirely  dis- 
tinct ways  of  finding  when  the  sun  or  the  earth  has  com- 
pleted its  apparent  circuit  around  the  celestial  sphere ; 
the  one  by  the  transit  instniment  and  sidereal  clock,  which 
show  when  the  sun  returns  to  the  same  ])ositi()n  among 
the  stars,  the  other  by  the  metisurement  of  altitude,  which 
shows  when  it  returns  to  the  same  equinox.  By  the  for- 
mer method,  already  desf-riVjcd,  we  conclude  that  it  has 
completed  an  annual  circuit  when  it  returns  to  the  same 
star  ;  by  the  latter  when  it  returns  to  the  same  equinox. 
These  two  methods  will  give  slightly  ditferent  results  for 
the  length  of  the  year,  for  a  reason  to  bo  hereafter 
described. 

The  Zodiac  and  its  Divisions. — The  zodiac  is  a  belt 
in  the  heavens,  commonly  considered  as  extending  some  8° 
on  each  side  of  the  ecliptic,  and  therefore  about  Ifi'^  wide. 
The  planets  known  to  the  ancients  are  always  seen  within 
this  belt.  At  a  very  early  day  the  zodiac  was  mappetl  out 
into  twelve  signs  known  as  tlie  «lgitM  of  Oia  zodiac^  the 
names  of  which  have  Iwen  handed  down  to  the  present 
time.     Each  of  these  signs  was  supposed  to  be  the  scat  of 
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a  conetolktirm  after  which  it  was  called.  Commencing 
at  the  vernal  o<niiuo.\,  tlie  first  thirty  degrees  through 
wliich  the  euti  parsed,  or  the  region  among  the  stars  in 
wliich  it  was  found  during  the  month  following,  waa 
called  the  sign  Arlen.  The  next  thirty  degrees  was  called 
Taurus.  The  names  of  all  the  twelve  signs  in  their 
projier  order,  %vith  the  approximate  time  of  the  sun's  en- 
tering upon  each,  are  as  follow  : 


Aries,  the  Ram, 
Taurus,  the  Bull, 
Gemini,  the  Twins, 
Cancer,  the  Crab, 
Zeo,  the  Lion, 
Viryo,  the  Virgin, 
Libra,  the  Balance, 
Scorjjius,  the  Seoqiion, 
Sagittarius,  the  Archer, 
Capricornus,  the  Goat, 
Aquarius,  the  Water-bearer, 
Pisces,  the  Fishes, 


March  20. 
Api-il  211. 
May  20. 
June  21. 
July  22. 
August  23. 
September  22. 
October  23. 
November  23. 
December  21. 
January  20. 
Febniary  19. 


Each  of  these  signs  coincides  rougldy  with  a  constella- 
tion in  the  heavens  ;  and  thus  there  are  twelve  constella- 
tions called  by  the  names  of  these  signs,  but  the  signs  and 
the  constellations  no  longer  correspond.  Although  the  sua 
now  crosses  the  equator  and  enters  the  sign  Aries  on  the 
2()th  of  March,  lie  does  not  reach  the  wnstdlation  Ariesi 
until  nearly  a  month  later.  This  arises  from  the  preces- 
sion of  the  equinoxes,  to  be  explained  hereafter. 


§  4.    OBLIQUITY    OF   THE  ECLIPTIC. 

We  have  already  stated  that  when  the  sun  is  at  the 
summer  solstice,  it  is  about  234"  north  of  the  e<^uator, 
and  when  at  the  winter  solstice,  about  23^°  south.  This 
shows  that  the  ecliptic  and  e<juator  make  an  angle 
of    about   23^°  with  each  other.     This  angle   is  called 
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the  obliquity  of  tlie  ecliptic,  and  its  determination  is 
very  simple.  It  is  only  necessary  to  tind  by  repeated 
obeervation  the  snn's  greatest  nortli  declination  at  the 
summer  solstice,  and  its  greatest  south  declination  at 
the  winter  solstice.  Either  of  these  declinations,  which 
must  be  equal  if  the  observations  are  accurately  made, 
will  give  the  obtitjuity  of  the  ecliptic.  It  has  been  con- 
tinually diminishing  from  the  earliest  agee  at  a  rate  of 
about  half  a  second  a  year,  or,  more  exactly,  about  forty- 
seven  seconds  in  a  century.  This  diminution  is  due  to 
the  gravitating  forces  of  the  planets,  and  will  continue  for 
several  thousand  ycare  to  come.  It  will  not,  however,  go 
on  indefinitely,  but  the  obli<juity  will  only  oscillate  be- 
tween comparatively  narrow  limits. 

The  relation  of  the  obliquity  of  the  ecliptic  to  the  sea- 
sons is  quite  obvious.  When  the  sun  is  no^rtli  of  tlie  equa- 
tor, it  culminates  at  a  higher  altitude  in  the  northern  hem- 
isphere, and  more  than  half  of  its  apparent  diurnal  course 
is  above  the  horizon,  as  explained  in  the  chapter  on  the 
celestial  sphere.  Hence  we  have  the  heata  of  summer. 
In  the  southern  hemi.>iphcre,  of  course,  tlie  case  is  re- 
versed :  when  the  sun  is  in  north  declination,  less  tlian 
half  of  his  diuma!  course  is  above  the  horizon  in  that  hem- 
isphere. Therefore  this  situation  of  the  sun  corresponds 
to  summer  in  the  northern  hemisphere,  and  winter  in  tlie 
southern  one.  In  exactly  the  same  way,  when  the  sun  is 
far  south  of  llie  equator,  the  days  are  shorter  in  tlie  north- 
eni  hemisphere  and  longer  in  the  southern  hemiKphere. 
It  is  therefore  winter  in  the  former  and  summer  in  the 
latter.  If  the  equator  and  tlie  ecliptic  coiiu-ided — tliat 
is,  if  the  sun  moved  along  the  equator — there  would 
be  no  such  thing  as  a  difference  of  seasons,  because  the 
sun  would  always  rise  exactly  in  the  east  and  .set  exactly 
in  the  wei^t,  and  always  culminate  at  the  same  altitude. 
The  days  would  always  be  twelve  hours  long  the  world 
over.     Tliis'is  the  ease  with  the  planet  Jupiter. 

In  the  preceding  paragraphs,    we  have  explained  tlie 
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apparent  annual  circuit  of  the  sun  relative  to  the  equator, 
and  shown  how  the  seasons  depend  upon  tins  circuit.  In 
order  that  tlie  student  may  clearly  graep  the  entire  subject, 
it  is  ne(;e88ary  to  sliow  the  relation  of  these  apparent  move- 
ments to  the  actual  movement  of  the  earth  around  the 
Bun. 

To  understand  the  relation  of  the  equator  to  the  eclip- 
tic, we  nmst  rcmeml)cr  that  tlio  celestial  pole  and  the 
celestial  equator  have  really  no  reference  whatever  to  the 
heavens,  but  dejrend  solely  on  the  direction  of  the  earth's 
axis  of  rotation.  The  pole  of  the  heavens  is  nothing 
more  than  that  point  of  the  celestial  sphere  toward  which 
the  eartli's  a.xis  points.  If  the  direction  of  this  axis^ 
changes,  the  jwsition  of  the  celestial  pole  among  the  st 
will  change  also  ;  thongh  to  an  observer  on  the  earth, 
unconscious  of  the  change,  it  would  seem  as  if  the  starry 
sphere  moved  while  the  polo  remained  at  rest.  Again,  the 
celestial  equator  l»oing  merely  the  great  circle  in  which  the 
plane  of  the  earth's  equator,  e.xtended  out  to  infinity  in 
every  direction,  cuts  the  celestial  sphere,  any  change  in 
the  direction  of  the  pole  of  the  earth  necessarily  changes 
the  position  of  the  equator  among  the  stars.  Now  the 
positions  of  the  celestial  pole  and  the  celestial  equator 
among  the  stars  seem  to  remain  unchanged  throughout 
the  year.  (There  is,  indeed,  a  minute  change,  hut  it  does 
not  affect  our  present  reasoning.)  This  shows  that,  as) 
the  earth  revolves  around  the  sun,  its  axis  is  constantly 
directed  toward  nearly  the  same  pouit  of  the  celestial 
sphere. 

§  5.    TH£  8BASONS. 

The  conclusions  to  which  we  are  thus  led  respecting 
the  real  revolution  of  the  earth  are  sliown  in  Fig.  4fi. 
Here  «S'  represents  the  sun,  with  the  orbit  of  the  earth 
surrounding  it,  but  viewed  nearly  edgeways  so  as  to  be 
much  foreshortened.  ABCD  are  tlie  four  cardinal 
positions  of  the  earth  which  correspond  to  the  cardinal 
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points  of  the  apparent  patli  of  the  sun  already  described. 
In  each  figure  nf  tlie  earth  N  S  is  the  axis,  iV  being  ita 
north  and  S  its  south  pole.     Since  this  axis  poiuts  in  the 
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same  direction  relative  to  the  stars  during  an  entire  year, 
it  follows  tliat  the  different  lines  N  S  are  all  piirallel. 
Again,  since  the  e(piator  does  not  coincide  with  the  ecliptic, 
these  linos  are  not  perpenriicnlar  to  the  ecliptic,  but  are 
inclined  from  tliis  perpendicular  by  23^'^. 

NoWj  consider  the  earth  as  at  A  ;  here  it  is  seen  that  the 
sun  shines  more  on  the  southern  liemisphere  than  on  the 
northern  ;  a  region  of  23^°  anjund  the  nortli  pole  is  in 
darkness,  while  in  the  corresponding  region  around  the 
south  pole  the  sun  shines  all  day.  The  five  circles  at  right 
angles  to  the  earth's  axis  are  the  paniUcls  of  latitude  around 
wliich  each  region  on  the  surface  of  the  earth  is  carried  by 
the  diunial  rotation  of  the  latter  on  its  axis.  It  will  be  seen 
that  in  the  northern  hemisphere  less  than  half  of  these  are 
illuminated  by  the  sun,  and  in  the  southern  hemisphere 
more  than  half.     This  corresponds  to  our  winter  solstice. 

When  the  earth  reaches  B,  its  axis  J'.S'i.s  at  right  an- 
gles to  the  line  drawn  to  the  sun,  so  that  the  latter  shines 
peq)endicularly  o[i  the  equator,  the  plane  of  which  pusses 
through  it.     The  diunial  circles  on  the  earth  ar^  one  half 
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illuniinatcd  and  one  half  in  darkness.     Tliis  position  cor- 
responds to  tlie  vernal  e<juiiiox. 

At  C  the  case  is  exactly  the  reverse  of  that  at  A,  tlie 
sun  shiniiif^  more  on  the  northern  heniisplicrc  than  on  tlie 
southern  one.  North  (if  the  cijnator  more  than  half  the 
dinrnal  circles  arc  in  the  illnininateJ  hemisphere,  iuid  south 
of  it  less.  Here  then  wc  have  winter  in  the  soutliem  and 
Bimnncr  in  the  northern  hciTiiw[)herc.  The  Riiu  is  ahove  a 
region  'j;(^°  nitrth  of  the  equator,  so  that  this  p<witiun  cor- 
responds to  onr  snmnier  solstice. 

At  D  the  farth's  axis  is  once  more  at  right  angles  to  a 
line  drawn  to  the  sun.  Tlio  latter  therefore  shines  upon 
the  equator,  and  we  have  the  autuinnal  equinox. 

In  whatevci'  piisition  wc  siipjiose  the  earth,  the  lino  S N, 
continiiwl  indefinitely,  meets  the  celestial  sphero  at  its 
north  pole,  while  the  middle  or  equatorial  circle  of  the 
earth,  continued  indefinitely  in  every  direction,  marks  out 
the  celestial  e(piatur  in  tlie  heavens.  At  fii-st  sight  it  might ' 
seem  that,  owing  to  the  motion  of  the  earth  through  so 
vast  a  circuit,  tlie  positions  of  the  celestial  pole  and  equa- 
tor must  change  in  consequence  of  this  motion.  Wo  might 
say  that,  in  reality,  the  pole  of  the  earth  descrilies  a  circle  in 
the  celestial  sphere  of  the  same  size  as  the  earth's  orbit. 
But  this  sphere  being  infinitely  distant,  the  circle  thus  do- 
scribed  appciirs  to  us  as  a  point,  and  thus  the  pole  of  the 
heavens  seems  to  preserve  its  jwsition  among  the  stara 
through  the  whole  course  of  the  year.  Ag-.iin,  we  may 
suppose  the  equator  to  have  a  slight  annual  motion  among 
tlie  stars  from  the  same  cause,  But  for  the  same  reason 
this  motion  is  nothing  when  seen  from  the  earth.  Ou  the 
other  hand,  the  slightest  change  in  the  {Hrecdon  of  the 
axis  S  iV  will  chimge  the  Jipparent  position  of  the  pole 
among  the  stars  by  an  angle  eipial  to  that  change  of  direc- 
tion. "We  may  thus  consider  the  jmsition  of  the  celestial 
pole  as  independent  of  the  position  <jf  the  earth  in  its 
orbit,  and  dependent  entirely  on  the  direction  in  which 
the  axis  of  the  earth  points. 
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If  this  axis  were  perpendicular  to  the  plane  of  the  eclip- 
tic, it  18  evident  that  tlic  sun  would  always  lie  in  the  plane 
of  the  equator,  and  there  would  be  no  change  of  seasons 
except  eueh  slight  ones  as  jnight  result  from  the  Bmall 
dififerencea  in  the  distnnt-e  of  the  earth  at  different  seaeons. 

§  8.    CELESTTAI.  LATITUDE  AITD  LONGITirDE, 

Besides  the  circles  of  reference  deserihed  in  tJie  tirst 
cliapter,  siiU  anotJier  sj-steni  is  use<l  in  whicli  the  ecliptic 
is  taken  as  the  fundamental  plane.  Since  the  motion  of 
the  earth  around  the  sun  takes  ])hiee,  by  definition,  in  tlio 
plane  of  the  ecliptic,  and  thu  motions  of  the  planets  very 
near  that  plane,  it  is  freijuentlj  more  convenient  to  refer 
the  positions  of  the  planet*  to  the  plane  of  tlic  ecliptic  than 
to  that  of  the  e(piator.  The  co-ordinates  of  a  heavenly 
body  thus  referred  are  called  its  celestial  latitwh  and 
J'Ongiiwle.  To  show  the  relation  of  these  co-ordinates  to 
right  ascension  and  declination,  we  give  a  figure  sliowing 
both  co-ordinates  at  the  Siiine  time,  as  marked  on  the 
celestial  sphere.  This  figure  is  supjM)sed  to  be  the  celes- 
tial sphere,  having  the  solar  system  in  its  centre.  The 
direction  P  Q  is  that  of  the  axis  of  the  earth  ;  IJ  Is  the 
ecliptic,  or  the  great  circle  in  which  the  plane  of  the 
earth's  orbit  intersects  the  celestial  sphere.  The  point  in 
which  tliese  two  circles  cross  is  marked  0'',  anil  is  the  ver- 
nal equinox.  From  this  the  right  ascension  and  the  longi- 
tuile  are  counte<i,  increasing  from  west  toward  esist. 

The  horizontal  and  vertical  circles  show  liow  right  ascen- 
sion and  declination  are  counted  in  the  manner  described  in 
Chapter  T.  As  the  right  ascension  is  counted  all  the  way 
around  the  equator  from  0''  to  24'',  so  longitude  is  counted 
along  the  ecliptic  fromtfce  point  0",  or  the  vernal  equinox, 
toward  J  in  degrees.  The  whole  circuit  measuring  360", 
this  distance  will  carry  ns  all  the  way  rournl.  Thas  if  a 
body  lies  in  the  ecliptic,  its  longitude  is  sii  <bor 

of  degrees  from  the  vernal  equinox 
ured  in  the  direction  from  f  lowanJ 
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If  it  is  not  in  tlie  eeliptic,  but  at,  say,  the  point  B,  we 
let  fall  a  perpendicular  BJ  from  tlio  body  npon  the 
ecliptic.  The  length  of  this  pcrjjendieular,  niujisured  in 
degrees,  is  called  the  latituile  of  tlic  body,  which  may  be 
north  or  south,  while  the  distance  of  the  foot  of  the  per- 
pendicular from  the  vernal  eijuinox  is  called  its  longilude. 
lu  Jistronomy  it  is  usual  to  represent  the  positions  of  the 
bodies  of  the  solar  system,  relatively  to  the  sun,  by  their 
longitudes  and  latitudes,  because  in  the  ecliptic  we  have  a 
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plane  more  nearly  fixed  than  that  of  the  equator.  On  the 
other  hand,  it  is  more  convenient  to  represent  the  |K)sitiou 
of  all  the  heavenly  bodies  as  seen  from  the  earth  by  their 
right  ascensions  and  declinations,  because  we  cannot  meas- 
ure their  longitudes  and  Lititudes  directly,  but  can  only 
observe  right  ascensiini  and  declination.  If  we  wish  to 
determine  the  longitude  and  latitude  of  a  ho<ly  as  seen 
from  the  centre  of  the  earth,  we  have  to  first  find  ita  right 
asceneion  and  declination  by  observation,  and  then  change 
these  quantities  to  longitude  and  latitude  by  trigonometri- 
caJ  formalte. 


CHAPTER    IV. 


THE   PLANETARY   MOTIONS. 

§  1.  APPAHENT   AND   HEAL   Morion's    OF    THE 
FIiANETQ, 

Deflnitioiis. — TlicKolar  system,  aa  we  now  know  it,  com- 
prises so  vast  amunberof  liodies  of  various  ordereof  mag- 
nitude and  distance,  and  subjected  to  so  many  seemingly 
complex  motions,  that  wc  must  consider  its  j)arta  sepa- 
rately, (hir  attention  will  therefore,  in  the  i»resent  elmp- 
tcr,  be  particularly  directed  to  the  motions  of  tlie  great 
planets,  wliieli  we  may  consider  as  foruiinj^,  in  some  sort, 
the  fundamental  bodies  of  the  system.  Tlicse  bodies 
may,  with  respect  to  their  apparent  motions,  be  divided 
into  three  classes. 

Spealcing,  for  tlie  present,  of  the  sun  as  a  planet,  the 
first  class  comprises  the  sun  and  moon.  We  have  seen 
that  if,  upon  a  star  chart,  wc  mark  down  the  positions  of 
the  sun  day  by  day,  they  ^vill  all  fall  into  a  regular  circle 
which  marks  out  the  ecliptic.  The  monthly  course  of  the 
moon  is  found  to  be  of  tlie  same  nature,  although  its 
motion  is  by  no  means  uniform  in  a  month,  yet  it  is 
always  toward  the  cast,  and  always  along  or  very  near  a 
certain  great  circle. 

The  second  class  comprises  Venus  and  Mercury.     The 
peculiarity    exhibited  by  the  apparent  motion  of  these 
bodies  is,  that  it  is  an  oscillating  one  on  each  side  o^ 
sun.     If  we  watch  for  the  appearance  of  one  o^ 
planets  after  sunset  from  evening  to  evening,  we  ah 
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it  to  appear  above  the  western  horizon.  Night  after  night 
it  will  be  farther  and  farther  from  the  sun  nntil  it  attains 
8  certain  raaxiinuni  distance  ;  then  it  will  ajijiear  to  return 
to  the  sun  again,  and  for  a  while  to  be  lost  in  its  rays. 
A  few  days  later  it  will  reappear  to  the  west  of  the  sun, 
and  thereafter  be  visible  in  the  eiustern  horizun  before 
sunrise.  In  tlie  case  of  Merctirij,  the  time  required  for 
one  complete  oscillation  back  and  forth  is  about  four 
months  ;  and  in  the  case  of  Venus  more  than  a  year  and 
a  half. 

Tiie  third  class  comprises  Mars,  Jupiter,  and  Saturn  as 
well  as  a  great  number  of  planets  not  visible  to  tlie  naked 
eye.  The  general  or  average  motion  of  these  planets  is 
toward  the  eiLst,  a  complete  revolution  in  the  celestial 
spliere  being  performed  in  times  ranging  from  two  years 
in  the  case  of  Mam  to  104  years  in  that  of  Neptune. 
But,  instead  of  moving  uniformly  forward,  they  seem  to 
have  a  swinging  uKition  ;  iii-st,  they  move  forward  or 
toward  the  c-asX  through  a  pretty  long  are,  then  backwartl 
or  westward  through  :i  short  one,  then  forward  through 
a  longer  one,  etc.  It  is  only  by  the  excess  of  the  longer 
arcs  over  the  shorter  one^  that  the  circuit  of  the  heavens 
is  made. 

The  general  motion  of  tlie  sun,  moon,  and  planets 
among  the  stars  being  toward  the  east,  the  motion  in  this 
direction  is  called  direct  /  whereas  the  occasional  short 
motions  toward  the  west  are  called  retrograde.  During 
the  periods  between  direct  and  retrograde  motion,  the 
planets  will  for  a  short  time  appear  statioiuiry. 

The  planets  Venu«  and  Mercunj  are  saiil  to  be  at  great- 
est elonyatlon  when  at  their  greatest  angular  distance  from 
the  sun.  The  elongation  which  occurs  with  the  planet 
east  of  the  sun,  and  therefore  visible  in  the  western  hori- 
zon after  sunset,  is  called  the  ejistern  elongation,  the  other 
the  western  one. 

A  planet  is  said  to  be  in  conjunction  with  the  smi  when 
it  is  in  tlie  same  direction,  or  when,  ua  it  seems  to  pass  by 
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tlie  Biin,  it  approachefi  nearest  to  it.  It  is  iaiid  to  be  in 
opposition  to  the  sun  when  exactly  in  the  opposite  direc- 
tion— rising  when  the  sun  sets,  and  vice  versa.  If,  when 
a  planet  is  in  conjunction,  it  is  between  the  earth  and  the 
sun,  the  conjnnctioQ  is  said  to  be  an  inferior  one  ;  if  be- 
yond the  sun,  it  is  said  to  be  superior. 

Arrangements  and  UotionB  of  the  Planets. — We  now 
know  titat  the  sun  is  the  real  centre  of  the  solar  system, 
and  that  the  planets  proper  all  revolve  around  it  at,  the 
centre  of  motion.  The  order  of  the  five  innermost  large 
planets,  or  the  relative  positions  of  their  orbits,  are  shown 
in  Fig.  48.     These  orbita  are  all  nearly,  but  not  exactly, 


Fig 
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in  the  same  plane.  The  planets  Mercury  and  Venxu 
which,  as  seen  from  the  earth,  never  appear  to  recede  very 
far  from  the  sou,  are  in  reality  tlioec  which  revolve  insida 
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tlie  orbit  of  the  earth.  The  phinets  of  the  third  class, 
which  perfom  tlieir  circuits  at  all  distances  from  the  sun, 
are  what  we  now  call  t!ie  superior  planets,  and  are  more 
distant  from  the  sun  than  tlie  earth  is.  Of  these,  the  or- 
bits of  Mufii,  Jupittr,  and  a  Bwanii  of  telescopic  planets 
arc  shown  in  the  figure  \  next  outside  of  Jujnler  comes 
tSatuni,  the  farthest  planet  readily  visible  to  the  naked 
'eye,  and  then  Uranus  and  Neptune,  telescopic  planeta. 
On  the  scale  of  Fig.  4S  the  orbit  of  Iteptiaie  would  be 
more  than  two  feet  in  diameter.  Finally,  the  moon  is  a 
small  planet  revolving  around  the  earth  as  its  centre,  and 
carried  with  the  latter  iis  it  moves  aroimd  the  sun. 

Inferior  plaitcis  are  those  whose  orbits  lie  inside  that 
of  the  earth,  as  Mercury  and   Yenug. 

Su])erior  plufu'tji  are  tliose  whose  orbits  lie  outside  tliat 
of  the  earth,  as  Mars,  Jitpihr,  Siiiurn,  etc. 

The  farther  a  planet  is  situated  from  the  sun,  the  slower 
18  its  orbital  motion.  Therefore,  as  we  go  from  the  sun, 
the  periods  of  revolution  are  longer,  for  tlie  double  reason 
that  the  planet  lias  a  larger  orbit  to  describe  and  moves 
more  tilowly  in  its  m-bit.  It  is  to  this  slower  TTiotion  of  the 
outer  planets  tli.it  the  occasional  apparent  ivtrograde  motion 
of  the  phuiets  is  due,  as  may  bo  seen  by  studying  Fig.  49. 
We  first  remark  that  the  apparent  direction  of  a  planet, 
W  seen  from  the  earth,  is  determined  by  the  line  joining 
the  earth  and  planet.  Snpiwsing  this  line  to  Ins  continued 
onward  to  infinity,  so  ait  to  intersect  the  celestial  sphere, 
the  apparent  motion  of  the  planet  will  lie  defined  by  the 
motion  of  the  point  in  which  the  line  intersects  the  sphere. 
If  this  motion  is  toward  the  ea^st,  it  will  be  direct  ;  if 
toward  the  west,  retrograde. 

Let  us  first  take  the  case  of  an  inferior  planet.  Sup- 
pose // 1 K  L  M  JV  to  Ik-  successive  positions  of  the  earth 
in  its  orbit,  and  A  B  C  D  E F  to  be  corresponding  posi- 
tions of  Yen  iiM  or  3/erctin/.  It  must  be  remembered  that 
when  we  speak  of  cast  and  west  in  this  connection,  we  do 
not  mean  an  absolute  direction  in  space,  but  a  direction 


aronnd  the  sphere.  In  the  fignre  we  are  supposed  to  loitk 
down  npon  the  planetary  orbits  from  the  north,  and  a 
direction  west  is,  then,  that  in  which  the  hands  of  a  watch 
move,  while  east  is  in  the  opposite  direction.  When  the 
earth  is  at  U  the  planet  is  seen  at  A.  The  line  II A 
being  supposed  tangent  to  the  orbit  of  the  planet,  it  is 
evident  from  geometrical  considerations  tliat  this  is  the 
greatest  angle  which  the  planet  can  ever  make  with  the 
sun  as  seen  from  the  earth.  This,  therefore,  corresponds 
to  the  greatest  eastern  elongation. 


Fio.  49. 

When  the  earth  has  reached  /the  planet  is  at  i?,  and  is 
therefore  near  the  direction  IB.  Tlie  line  has  turned  in  a 
direction  opposite  tliat  of  the  hands  of  a  watdi,  and  puts 
the  celestial  sphere  at  a  point  farther  east  than  the  line 
U A  did.  Hence  the  motion  of  the  planet  during  this 
period  lias  been  direct  ;  but  tlic  direction  of  the  sun  hav- 
ing changed  also  in  con8ef|uence  of  the  advance  of  tiio 
earth,  the  angular  distance  between  the  sun  and  the  planet 
is  less  than  l)efore, 

While  the  earth  is  passing  from  /  to  Ky  the   planet 
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paBses  from  B  to  C.  The  distance  B  C  exceeds  IK",  be- 
cause  the  planet  moves  faster  tban  the  earth.  The  line 
joining  the  earth  auJ  ])lanet,  therefore,  cuts  the  celestial 
sphere  at  a  point  farther  west  than  it  did  Ijefore,  and 
therefore  the  direction  of  the  apparent  motion  is  retro- 
grade. At  6' the  planet  is  in  inferior  eonjuiictiun.  The 
retrograde  inotiun  f>till  contimies  until  the  earth  reaches  Z, 
and  the  planet  J),  when  it  hecomes  stationary.  After- 
ward it  is  direct  nntil  the  two  bodies  again  come  into  the 
relative  positions  IB. 

Let  US  next  8U]>])i>se  that  tlie  inner  orbit  A  B  CD  EF 
represents  that  uf  the  earth,  and  the  outer  one  that  of  a 
superior  pliiiiet.  J/f/r«  for  instance.  We  may  consider 
0  Q 1*  li  to  be  the  celestial  sphere,  only  it  should  be  infi- 
nitely distant.  White  the  earth  is  moving  from  A  to  B  tlie 
planet  moves  from  //  to  /.  This  motion  is  dii-ect,  the  di- 
rection O  Q  P  li  being  from  west  to  east.  While  the  eartli 
is  moving  from  B  to  JJ,  the  i>lauet  is  moving  from  /  to 
L  ;  the  former  motion  being  the  more  rapid,  the  cartli 
now  parses  by  the  planet  as  it  were,  and  the  line  ctnijoin- 
ing  them  turns  in  the  same  direction  as  the  hands  of  a 
watch.  Therefore,  during  this  time  the  planet  seems  to 
describe  the  arc  /'  Q  in  the  cek-stial  sphere  in  the  direction 
oppo.site  to  its  actual  orbital  motion.  The  lines  L  I)  and 
M  E  are  supjwsed  to  bo  jmrallel.  The  planet  is  then  really 
stationary,  even  though  us  dniwti  it  would  seem  to  have  a 
forward  motion,  owing  to  the  distance  of  these  two  lines, 
yet,  on  the  infinite  spliere,  this  distance  ap])ears  as  a 
point.  From  the  point  3/  the  motion  is  direct  until  the 
two  bodies  unce  more  reach  the  relative  positions  B  I. 
When  the  jilanet  is  at  K  and  the  earth  at  C,  the  fonner  is 
in  opposition.  IFence  the  retrograde  motion  of  the  supe- 
rior planets  always  takes  place  near  opposition. 

Theory  of  Epicycles. — The  ancient  astronomers  repre- 
sented this  oscillating  motion  of  the  ]>laneti<  in  a  way  which 
was  in  a  certain  sense  correct.  The  only  error  they  made 
was,  in  attributing  tlic  oscillation  to  a  motion  of  the  planet 
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■  instead  of  a  motion  of  the  earth  around  the  snn,  which 

■  really  causes  it.  But  their  theory  wm,  notwithstanding, 
B  the  means  of  leading  Coi-eknicus  and  <jthers  to  the  percep- 
I  tion  of  the  tnie  nature  of  t!ie  motion.  We  allude  to  the 
I  celebrated  theory  of  epicycles,  by  which   the  planetary 

motions  were  always  represented  before  tlie  time  of  Coper- 
nicus. Complicated  though  these  motions  were,  it  was 
Boen  by  the  ancient  astronomers  that  they  could  bo  repre- 
Bcnted  by  a  combination  of  two  motions.  First,  a  small 
circle  or  epicycle  was  6upp(>sed  to  move  around  the  earth 
with  a  regular,  though  not  uniform,  forward  motion,  and 
then  tlie  planet  was  supposed  to  move  around  the  circum- 
ference of  this  cii"cle.  The  relation  of  this  theory  to  the 
true  one  was  tliis.  The  regular  forward  motion  of  the 
epicycle  represents  the  real  motion  of  the  planet  around 
tlie  sun,  while  the  motiim  of  the  planet  around  the  cir- 
cumference of  the  epicycle  is  an  apparent  one  arising 
from  the  revolution  of  the  earth  around  the  sun.  To  ex- 
plain this  we  must  understand  some  of  the  laws  of  relative 
motion. 

It  is  familiarly  known  that  if  an  observer  in  unconscious 
motion  looks  upon  an  object  at  rest,  the  object  will  ap- 
pear to  him  to  move  in  a  direction  opposite  that  in 
which  he  moves.  As  a  result  of  tliis  law,  if  the  observer 
is  unconsciously  describing  a  circle,  an  object  at  rest  will 
appear  t»i  him  t(j  describe  a  circle  of  equal  size.  This  is 
ehowu  by  tlie  following  figure.  Let  S  represent  the  sun, 
and  A  B  C D  EF  the  orbit  of  the  earth.  T*t  us  suppose 
the  observer  on  the  earth  carried  around  in  tliis  orbit,  but 
imagining  himself  at  rest  at  iS',  the  centre  of  motion. 
Suppose  ho  keeps  observing  the  direction  and  distance  of 
the  planet  /*,  which  for  the  present  we  su2>pise  to  l>c  at 
rest,  since  it  is  only  the  apparent  motion  that  we  shall 
have  to  consider.  Wlien  the  oliserver  is  at  A  he  really 
sees  the  planet  in  a  direction  and  distance  A  P,  but 
imagining  himself  at  6'  lie  thinks  he  sees  the  planet  at 
the  point  a  determined  by  drawing  a  line  Sa  parallel  and 
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e(]ual  to  A  P.     As  he  passes  from  A  io  B  the  planet 

will  seem  to  him  to  move  in  tlie  ojvposite  direction  from 

a  to  h,  tliL'  point  h  being  deter- 
mined by  drawing  Sh  equal  and 
parallel  to  B  P.  As  he  recedes 
from  the  planet  through  the  arc 
B  CD,  the  planet  seems  to  re- 
cede from  him  through  hrd; 
and  while  be  moves  from  left  to 
riglit  through  DE  the  planet 
Becms  to  move  from  right  to  left 
through  D  E.  Finally,  as  he  ap- 
proaches the  planet  through  the 
arc  EF A  the  planet  seems  to 
approach  him  through  EF  A, 
and  when  he  returns  to  A  the 
planet  will  appear  at  >i,  as  in  the 
beginning.  Tlius  the  planet, 
tliougli  really  at  rest,  will  seem 
to  him  to  move  over  the  circle 
ahcdef  corresponding  to  that 
in  which  the  observer  liimself  is 
carried  around  the  sun. 

Tlie  planet  being  really  in  motion,  it  is  evident  that 
the  condoned  effect  of  the  real  motion  of  the  planet  and 
the  apparent  motion  around  the  circle  rti  (•(/<■/' will  be 
represented  by  canying  the  centre  of  this  circle  P  along 
the  tnie  orbit  of  the  planet.  The  motion  of  the  earth 
being  more  rapid  tlian  tiiat  of  an  outer  planet,  it  follows 
that  the  apparent  motion  of  the  planet  through  a  h  is  more 
ra[)id  thim  the  real  motion  of  /*  along  the  orbit.  Ilcnce 
ill  this  part  of  the  orbit  the  movement  of  the  planet  will  be 
retrograde.  In  every  other  part  it  will  be  direct,  because 
the  progressive  motion  of  P  will  at  least  overcome,  some- 
times be  added  to,  the  apparent  motion  around  the  circle. 
In  the  ancient  astronomy  the  apparent  small  circle 
ahcdef  yioi  called  the  epiei/cU. 
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In  the  cswe  of  the  inner  planets  Mercury  and  Ventis 
the  relation  of  the  epicycle  to  the  true  orbit  is  reversed. 
Here  the  epicyclic  motion  is  that  of  the  planet  around 
its  real  orbit — that  is,  the  true  orbit  of  the  planet  around 
the  Bun  was  itself  taken  for  the  epicycle,  while  the 
forward  motion  was  really  due  to  the  apparent  revolu- 
tion of  the  sun  produced  by  the  umual  motion  of  the 
earth. 

In  the  preceding  descriptions  of  the  planetary  motions 
we  have  spoken  of  them  all  as  circular.  But  it  was  found 
by  HiPi'ARcnrs  *  tliut  none  of  the  planetary  motions  were 
reaDy  uniform.  Stndyiug  the  motion  of  the  sun  in  order 
to  determine  the  length  of  the  year,  he  observed  the  times 
of  its  passage  through  the  equinoxes  and  solstices  with  all 
the  accuracy  which  his  instruments  permitted.  lie  found 
that  it  was  scvenil  days  longer  in  paesing  through  one  half 
of  its  course  than  through  the  other.  Tliis  was  apparently 
incompatible  with  the  favorite  theory  of  the  ancients  that 
all  the  celestial  motions  were  circular  and  unifonn.  It 
was,  however,  accounted  for  by  supposing  that  the  etirth 
was  not  in  the  centre  of  the  circle  around  which  the  sun 
moved,  but  a  little  to  one  side.  Thus  arose  the  cele- 
brated theory  of  the  eccentric.  Careful  observations  of 
tlie  planets  showed  that  they  also  had  similar  inequalities 
of  motion.  The  centre  of  the  epicycle  around  which  the 
real  planet  was  carried  was  found  to  move  more  rapidly 
in  one  part  of  the  orbit,  and  more  slowly  in  the  opposite 
part.  Thus  the  circles  in  wluch  the  planets  were  sup- 
posed to  move  were  not  truly  centred  upon  the  earth. 
They  were  therefore  called  eccentrics. 

Tliis  theory  accounted  in  a  rough  way  for  the  obscrv'ed 
inc<|ualitie8.  It  is  evident  that  if  the  earth  was  supposed 
to  be  displaced  toward  one  side  of  the  orbit  of  the  planet, 

•  HiPPAScHus  wai  one  of  Uie  most  celebrated  astroDomcre  of  anil- 
qaitjr,  being  fre(|ucnily  spoken  of  as  the  fatlivr  of  the  science.  Uo  U 
■uppoted  to  have  made  most  of  hU  obaervationa  at  Rliodes,  and  flour 
Iihed  about  one  hundred  and  fifty  yeara  befoze  the  Christian  era. 
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the  latter  would  seem  to  move  more  rapidly  when  nearest 
the  earth  than  when  farther  from  it.  It  was  not  until  the 
time  of  KKi'i.?:ii  that  the  eccentric  was  shown  to  he  iu- 
C'Jipalile  of  awouiithig  for  the  real  motion  ;  atid  it  is  hia 
discoveries  which  we  are  next  to  describe. 


§  a.    KBPIiEH'S  LAWS  OP  PLAmSTABY  MOTION. 

The  direction  of  the  snn,  or  its  hmj^itude,  can  l>e  deter- 
mined from  day  to  duj  by  direct  observation.  If  we 
could  idso  observe  it**  distance  on  each  day,  we  tiluddd,  by 
laying  down  the  di.stancus  and  directioti.s  on  a  large  piece 
of  paper,  through  a  whole  year,  lie  able  to  trace  the  curve 
which  the  earth  describes  in  its  unnnal  coui-sc,  this  course 
being,  as  already  shown,  t!ie  countcrjiart  of  the  apparent 
one  of  the  sun.  A  rough  deteniunation  of  the  rela- 
tive distances  of  the  «m  ut  different  times  of  the  year  may 
be  made  by  measuring  the  sun's  ajiparent  angular  diame- 
ter, because  this  diameter  varies  invei-sely  as  the  distance 
of  the  object  observed.  Such  inejisures  would  show  that 
the  diameter  was  at  a  niaxiuuuu  of  '&!'  'Ad"  on  Jannary  Ist, 
and  at  a  minimum  of  31'  32' on  July  let  of  every  year. 
The  dilTcrence,  ("4',  is,  in  round  nundjcrs,  ^^  the  mean 
diameter — tiiat  is,  the  earth  is  nearer  the  sun  on  Jainiary 
1st  than  on  July  1st  by  about  ^^ .  We  may  consider  it 
as  ^5  greater  than  the  mean  on  the  one  date,  and  ^j  less 
on  the  other.  This  is  therefore  tiie  actual  displacement 
of  tlie  sun  from  the  centre  of  the  earth's  orbit. 

Again,  observations  of  t!ie  appaivnt  daily  motion  of 
tlio  sun  among  the  Htars,  corrcspon<iing  to  the  real  daily 
motion  of  the  earth  round  the  sun,  show  this  motion  to  be 
least  about  July  Ist,  when  it  amonnts  to  r.T'  I'j'  =  3432', 
and  greatest  about  January  1st,  when  it  amonnts  to 
61'  ir  =  3671'.  The  ditferenec,  239',  is,  in  round  num- 
bers, ^  the  mean  motion,  so  that  the  range  of  variation 
is,  in  proportion  to  the  mean,  donbh-  what,  it  is  in  the  case 
of  the  distances.     If  the  actual  velocity  of  the  earth  in  itB 
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orhit  were  nniform,  the  apparent  aiifriilar  motion  round 
the  sun  woukl  he  inversely  aa  ita  distanee  from  the  huh. 
Actually,  however,  the  angular  motion,  as  given  above,  is 
inversely  aa  the  square  of  tlie  distance  from  the  sun,  be- 
cause (1  -(-  -^Y  =  1  -j-  T*5  very  nearly.  The  actual  ve- 
locity of  the  earth  is  therefore  greater  the  nearer  it  is  to 
the  sun. 

On  the  ancient  tlieory  of  the  eccentric  circle,  as  pro- 
pounded by  IIiiTAKCiiDS,  the  actual  motion  of  the  earth 
•was  Buppose<l  to  he  nniform,  and  it  was  nceessai'y  to  sup- 
pose the  di.iplaccmeiit  of  the  Biin  (or,  on  tin;  ancient  theo- 
ry, of  the  earth)  from  the  centre  to  be  -jiy  its  mean  ilistuiice, 
in  order  to  account  for  the  oliservcd  cliangcs  in  the  motion 
in  longitude.  We  now  know  that,  in  round  nuiubcrs,  one 
half  the  inequality  of  the  apparent  motion  of  the  sun  in 
lonjjitude  arises  from  the  variations  in  the  distance  of  the 
e;irth  from  it,  and  one  half  from  the  earth's  actually  raov- 
ijig  with  a  greater  velix-ity  as  it  comes  nearer  the  sun.  By 
attributing  the  whole  inequality  to  u  variation  of  distance, 
the  ancient  astronomers  luatlc  the  ec<!entricity  of  the  or- 
bit—that is,  tlio  distance  of  the  sun  from  the  geometrical 
centre  of  the  orbit  (or,  as  they  sup])osed,  the  distance  of 
the  earth  from  the  centre  of  the  sun's  orbit) — twice  aa 
great  as  it  really  was. 

Au  immediate  consequence  of  these  facts  of  oliserva- 
tion  is  Kkpler's  second  law  of  planetary  motion,  that  the 
radii  veclores  ilrawn  from  the  sun  to  a  planet  i-evolving 
round  it,  sweep  over  equal  areas  in  equal  times.  Sup- 
pose, in  Fig.  51,  that  <S' represents  the  position  of  the  sun, 
and  that  the  earth,  or  a  planet,  in  a  unit  of  time,  nay  a 
day  or  a  week,  moves  from  I\  to  P,.  At  anothr .  part 
of  its  orbit  it  moves  from  /*  to  /*,  in  the  same  time, 
and  at  a  third  part  from  P,  to  /*,.  Tlien  the  areas 
SP,P„  SPJ\,  SP.P,  will  all  be  equal.  A  little 
geometrical  consideration  will,  in  fact,  make  it  clear  tliat 
the  areas  of  the  triangles  are  eipial  when  the  angleii  at  -S' 
are  inversely  as  the  square  of  the  radii  vectores,  HP,  etc, 
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61  nee  tlie  expression  for  the  area  of  a  triangle  in  which  the 
angle  at  iS  is  very  small  ie  ^  angle  S  X  <S  /**.* 


FlO.   51. — LAW  or  ABRAS. 

In  the  time  of  Keplek  the  means  of  measnring  the 
Bun's  angular  diameter  were  so  imperfect  that  the  preced- 
ing method  of  determining  the  path  of  the  earth  around 
the  sun  could  not  be  ajijtlied.  It  was  by  a  study  of  the 
motions  of  the  planet  Mars,  as  observed  by  Tycho  Beaue, 
that  Keplek  was  led  to  Ids  celebrated  laws  of  planetary 
motion.  He  found  that  no  possible  motion  of  Mara  in  a 
truly  circular  orbit,  however  eccentric,  would  represent  the 
observations.  After  long  and  laborious  calculations,  and 
the  trial  and  rejection  of  a  gi*eat  nundier  of  hypotheses, 
he  was  led  to  the  eonchision  that  the  planet  Mars  moved 
in  an  elli]isc,  having  the  sun  in  one  focus.  As  the  analo- 
gies of  nature  led  to  the  inference  that  all  the  planets, 
the  earth  iucluded,  moved  in  curves  of  the  same  class, 
and  accvording  to  the  same  law,  he  was  led  to  enunciate 
the  first  two  of  his  celebrated  laws  of  planetary  motion, 
which  were  as  follow  : 

*  More  exactly  if  we  coD&ider  the  arc  PP,  as  a  straigfat  Unc,  tte 
urea  of  the  triaiiRlc  PP,  Swill  l>c  ecjual  to  iSPx  SP,  xrin  angle  « 
But  in  considerinit;  only  very  HmuU  an^lcn  we  may  guppoac  SP=  •'' 
and  the  hIdv  of  the  aui^lt^  S  eijual  to  the  uugic  itself.     This  su 
will  givu  the  urea  mcnliunod  above. 
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I.  Each  planet  irwves  around  the  sun  in  an  eUipse,  hav- 
ing tlie  sun  in  one  of  its  foci. 

II.  The  radius  vector  joining  each  planet  with  the 
tun,  moves  over  equal  areas  in  equal  times. 

To  these  he  afterward  added  another  showing  the  rela- 
tion between  the  times  of  revolution  of  the  separate 
planets. 

III.  Tfie  square  of  the  time  of  revolution  of  each 
planet  is  proportional  to  the  cube  of  its  mean  distance 
from,  the  sun. 

These  three  laws  comprise  a  complete  theory  of  plan- 
etary motion,  so  far  as  the  main  features  of  the  motion  are 
concerned.  There  arc,  indeed,  small  variations  from 
these  laws  of  Kepler,  but  the  laws  are  so  nearly  correct 
that  they  are  always  employed  by  astronomers  as  the  basis 
of  their  theories. 

Mathematical  Theory  of  the  SUiptio  Motion. —  The 
laws  of  Keplek  lead  to  problems  of  such  mathematical 
elegance  that  we  give  a  brief  synopsis  of  the  most  iuipor- 
tant  elements  of  the  theory.  A  knowledge  of  the  ele- 
ments of  analytic  geometry  is  necessary  to  understand  it. 


Let  UK  put  : 

a,  the  .icnii-major  axis  of  the  ellipse  in  which  the  planet  moves. 
Ill  the  fiffure,  if  C  is  the  centre  of  tlie  el- 
lijise,  and.S'  the  focus  in  which  the  aun  is 
situated,  then  a  =  A  0=  On. 

C  3 
e,  the  eccentricity  of  the  ellipse  =  — -. 

TT,  the  lonjfitudo  of  the  pprihelion,  rep- 
resented by  the  angle  x  .Sf  A',  E  being  the 
direction  of  the  vernal  cauinox  from 
which  longitudes  are  counted. 

the    mean   angular   motion   of    the 

i  planet  round  the  sun  in'  a  unit  of  time. 

I  The    actual  motion   being   variable,    the 

uean  motion   is   found  by  dividing  the 

^circumference  =  300°  by  the  time  of  revolution. 

T,  the  timp  of  revolution. 

'  "'  the  planet  from  the  aun,  or  its  radius  vector,  a 


Pia.  S9, 


vn  to  make  ia  that  the  dliftkiliet  of  Um 
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planetary  orbita — that  is,  the  proportions  in  which  the  orbits  are  flat- 
tened— is  much  less  than  their  eecentrieitie*.  By  the  properties  of 
the  ellipse  we  bare  : 

B  B  =  semi -major  axis  =  t, 


BC=  semi-minor  axis  =  a  i^l  —  «*, 
or,  BO=:a(l  —  l «')  nearly,  when  «  in  very  small. 

The  most  eccentric  of  the  orbits  of  the  eight  major  planets  is  that 
of  Mercury,  tot  which  e  =  0,2.     Hence  for  Mercury 

very  nearly,  so  that  flattening  of  the  orbit  is  only  about  -fg  ot  .02 
of  the  major  axis. 

The  next  moat  eccentric  orbit  is  that  of  Mart  for  which  e  =  .003  ; 
B  0  =z  a  {I  —  .0043),  so  that  the  flattening  of  the  orbit  is  only 
about  jJ-5. 

W«  see  from  this  that  the  hypothesis  of  the  eccentric  circle  makes 
a  very  close  approximation  to  the  true  form  of  the  planetary  orbita. 
It  is  only  necessary  to  suppose  the  sun  removed  from  the  centre  of 
the  orbit  by  a  quantity  equal  to  the  product  of  the  eccentricity  into 
the  radius  of  the  orbit  to  have  a  nearly  true  representation  of  the 
orbit  find  uf  the  ixosition  of  the  sun. 

II.  The  least  distance  of  the  planet  from  the  sun  ia 

Sn=a(l-  «), 

and  the  greatest  distance  is 

A8=a(y  +  e). 

m.  The  angular  velocity  of  the  planet  around  the  sun  at  any 
point  of  the  orbit,  which  we  may  call  H,  is,  by  the  second  law  of 
KKPLKa  : 

0  being  a  constant  to  be  determined.  To  determine  it  wo  remark 
that  8  is  the  angle  through  which  the  plauet  moves  in  a  unit  of 
time.  If  we  suppose  this  unit  to  be  very  small,  the  quantity  ^  r"  ia 
double  the  area  of  the  very  small  triaugle  swept  over  by  the  radius 
vector  during  such  unit.  This  area  is  called  the  areoiar  velocity  of 
the  planet,  and  is  a  constant,  by  Kepler'^  second  law.  Therefore, 
in  the  last  equation,  O  =  S  r'  represents  the  double  of  the  areolar 
velocity  of  the  planet.  When  the  planet  completes  an  entire  revo- 
lution, the  radius  vector  has  swept  over  the  whole  area  of  the 
ellipse  which  ia  v  a'  V  1  —  e'.*    The  time  required  to  do  this  be- 

*  In  this  formula  t  rcpresenU  the  ratio  of  the  circunfeNaoe  at_ 
drcle  to  its  diameter. 
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Ing  called  T,  the  area  swept  over  with  the  areolar  velocity  iCia 
also  iC  T.     Therefore 


iOT=ira''Vl  —  «»; 


0  = 


iitaWl—^ 


The  qiiHDtity  3  ir  here  represents  360°,  or  the  whole  circumference, 
which,  being  divided  by  T,  the  time  of  describing  it  will  give  the 
mean  angular  velocity  of  the  planet  around  the  Hun  which  we  have 
called  ri.     Therefore 


n—  ■ 


air 


and 


(7  =  o*nVT^ 


Thia  value  of  0  being  substituted  in  the  expression  for  S,  we  have 

0^ ; " 


rV.    By  Kepler's  third  law  7^  is  proj>orti(>ned  to  a'  ;  that  is, 

— -  is  a  constant  for  all  the  planets.     The  numerical  value  of  this 

constant  will  depend  u])on  the  quantities  which  we  adopt  as  the  units 

of  time  and  distance.     If  we  take  the  year  as  the  unit  of  time  and 

the  mean  distance  of  the  eitrth  from  the  8uu  us  that  of  distance,  T 

?"• 
and  a  for  the  earth  will  both  be  unity,  and  the  ratio  — r  wH    thore- 

■"  a' 

fore  t>e  unity  for  all  the  planets.     Therefore 

a"  =  r* ;  a  =  T*. 

Therefore  if  tee  tqvare  the  period  of  neolution  of  any  planet  in  year*, 
and  extract  M«  cube  root  of  the  nqunre,  fM  tkail  hate  itt  mean  dittaiux 
from  the  tun  in  unitt  of  the  eiirth't  dittanee. 

It  is  thus  that  the  mean  distances  of  the  planetn  are  determined 
in  practice,  because,  by  a  long  series  of  observations,  the  times  of 
revolution  of  the  planets  have  been  determined  with  very  great  pre- 
cision. 

V.  To  find  the  jwsition  of  a  planet  wo  must  know  the  ci)Och  at 

which  it  passed  its  perihelion,  or  some  equivalent  quantity.     To 

k^d  'A»  position  ut  any  other  time  let  r  be  the  time  which  has  elapsed 

tsinee  passing  the  iK-rihelion.     Then,  by  the  law  of  areoii,  if  P  bo  the 

I  of  Um  planet  at  this  time  wo  shall  have 


Area  of  sector  P  Sn  _  r 
ArMo(irbole~eUipM  ~  f 


a). 
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The  times  t  and  T  Ijeing  botli  given,  the  problem  w  reduced  to 
that  of  cutting  a  given  urea  of  the  ellipse  by  u  line  drawn  from  the 
focus  to  some  point  of  its  circunifen-nce  to  be  found.  This  ta 
known  us  Kkplek's  jjrobk'in.  uiid  may  be  solved  by  analytic  geom- 


Pio.  C3. 

etry  as  follows  :  Let  A  Bhe  the  major  axis  of  the  ellipse,  /"the 
position  of  the  planet,  and  S  that  of  the  focus  in  which  the  sun  is 
situated.  On  .1  .Bus  a  diameter  di'scribe  a  circle,  and  through  P 
draw  the  rigtit  line  P'  P  D  perpendicular  to  A  B. 

The  area  of  the  elliptic  sector  S  PB,  over  which  the  radius  vector 
of  the  planet  has  swept  since  the  planet  piissc<l  the  perihelion  at  B, 
Ls  equal  to  the  sector  V  J'  B  minu*  the  triangle  OPS.  Since  an 
ellijjse  is  forraed  from  a  circle  by  sliorli-ninn  all  the  ordinates  in 
the  same  ratio  ^namely,  the  ratio  of  the  mini>r  axis  b  to  the  major 
axis  a),  it  follows  that  the  ellijttic  sector  V  PB  may  be  formed 
from  the  circular  sector  t'  P"  B  by  shortening  all  the  urdinates  in 
the  ratio  ol  D  P  Ui  D  P",  or  of  u  to  ft.     Ilence, 

Area  CPB  :  area  C  P' B  =  b  :  a. 

But  area  C F" B  =  angle  P"  C  B  x  {a},  taking  the  unit  radius 
as  the  unit  of  angular  measure.  Hence,  putting  u  for  the  angle 
P'  C  Bve  have 


Area  CPB=-  area  Oi*5  =  la *« 
a 


(S). 


Again,  the  area  of  tlie  triangle  CP  8U  equal  to  )  base  C  8  x 

b 
titudc  PD.    Also  P2)  =  -  P' D,  and  P*  D  =  O P' tin  u  a aOnt 

Wherefore, 


PD  aftiin  « 


^ 


By  the  first  principles  of  conic  sections,  0  S,  the  base  of  the 
triangle,  is  equal  to  a  t.     Hence 

Area  OP 8=  \ahetAau, 

and,  from  (2)  and  (8), 

Area  8P B  =  \ah{v  —  et&a  u). 

Substituting  in  equation  (t)  this  value  of  the  sector  area,  and 
<r  a  6  f or  the  area  of  the  ellipse,  we  have 

«  —  e  sin  M 


»  —  «sint«  =  3ir-=. 

From  this  equation  the  unknown  angle  «  is  to  bo  found.  The 
equation  bfing  ii  tninscendcntul  one,  this  cannot  be  done  directly, 
but  it  may  be  rapidly  done  by  successive  upproximation,  or  the 
value  of  «  may  be  developed  in  an  infinite  series. 

Next  we  wish  to  express  thejiosition  of  the  planet,  which  is  given 
by  its  radius  vector  .9  Pand  the  angle  D  S  /'which  this  radius 
vector  makes  with  the  major  axis  of  the  orbit.     Let  us  put 

r,  Uie  radius  vector  8P, 

f,  the  angle  B  SP,  called  the  true  anovialy. 

Then 

r  sin/  =  PD  =  ft  sin  u  (Equation  3), 

rcos/=.9i)=  CD—  CS=CP'etMU  —  ne  =  a  (cosu  —  t), 

from  which  r  and  /  can  both  be  determined.  By  taking  the  square 
root  of  the  sums  of  the  squares,  they  give,  by  suitable  reduction  and 
putting  4'  =  o"  (1  —  e'j, 

r  =  a  (1  —  t  cos  tt), 

and,  by  dividing  the  first  by  the  second, 

ft  sin  u 
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the  inclination  of  the  orbit  to  the  ecliptic  has  to  be  taken  into  ac- 
count. The  orbits  of  the  several  large  planets  do  not  He  in  the 
same  plane,  but  are  inclined  to  each  other,  and  to  the  ecliptic,  by 
various  small  angles.  A  table  giving  the  values  of  these  angles 
will  be  given  hereafter,  from  which  it  will  be  seen  that  the  orbit  of 
Mercury  has  the  greatest  inclination,  amounting  to  7°,  and  that  of 
Uranut  the  least,  being  only  46'.  The  reduction  of  the  position  of 
the  planet  to  the  ecliptic  is  a  problem  of  spherical  trigonometry, 
the  solution  of  which  need  not  be  discussed  here. 


'/. 


CHAPTER    V. 


UNIVERSAL  GRAVITATION. 


8  1.    NEWTON'S  LAWS  OF  MOTIOHT. 

Thb  establislimeiit  of  tlie  tlieorr  of  univorsiil  j^avitation 
famisbea  one  of  the  best  cxHm]>IcM  of  ficieiitilic  method 
which  is  to  be  found.  Wc  shuU  dest-rilte  its  leiuling 
features,  less  for  the  purjXfse  of  making;  known  to  tlie 
reader  the  teelmieul  nature  of  the  pnn'ess  than  for  illus- 
trating the  true  theory  of  scientific  invcHtiijation,  and 
showing  tliat  such  investigation  has  for  its  objeot  the  dis- 
covery of  what  we  may  call  generahzeil  facts.  The  real 
test  of  jirogress  is  found  in  our  constantly  increased 
ability  to  foresee  either  the  course  of  nature  or  the  ctfects 
of  any  accidental  or  artilicial  coinljination  of  causes.  So 
h>iig  as  j)re(Itction  is  not  possible,  the  desires  of  the  invea- 
tigiitor  remain  uns;itistieJ.  When  certainty  of  prediction 
is  once  attained,  and  the  laws  on  which  the  prediction  is 
founded  are  stated  in  their  simplest  form,  the  work  of 
science  is  complete. 

The  whole  process  of  scientific  generalization  consists  in 
grouping  facts,  new  and  old,  under  such  general  laws  that 
they  are  seen  to  be  the  result  of  tlioselaws,  combined  with 
those  relations  in  space  and  lime  which  we  may  suppose  to 
exist  among  tlie  material  objects  investigated.  It  is  oseon- 
tial  to  such  generalization  that  a  single  law  shall  suffice  for 
grouping  and  predicting  several  distinct  facts.  A  law 
invented  simply  to  account  for  aii  isolated  fact,  however 


general,  cannot  lie  regarded  in  science  as  a  law  of  nature. 
It  may,  indeed,  be  true,  but  its  tnith  cannot  be  proved 
until  it  is  shown  tliut  Bcveral  distinct  fucts  can  be  accounted 
for  by  it  better  tliaii  by  any  otbcr  law.  The  reader  will 
call  to  mind  the  old  fable  which  represented  the  earth  as 
fiupporteil  on  the  back  of  a  tortoise,  but  totally  forgot  that 
the  fiupjxirt  of  the  tortoise  needed  to  be  accounted  for  as 
much  as  tliat  of  the  earth. 

To  the  pre-Nuwtonian  astronomers,  the  phenomena  of  the 
geometrical  laws  of  planetary  motion,  which  we  have  just 
de8cril>e(l,  formed  a  group  of  facts  having  no  connection 
with  any  thing  on  the  earth.  The  epicycles  of  IIipi-akchub 
and  Ptiii.kmv  were  a  truly  scicntitic  conception,  in  that  tbey 
exjilained  the  seemingly  erratic  motions  of  tho  planeta  by 
a  single  simple  law.  In  tlie  hehoceutric  theory  of  Copkr- 
Nici'8  this  law  was  still  further  simplified  by  diBjjensing  in 
great  j>art  with  the  epicycle,  and  replacing  tlio  latter  by  a 
motion  of  the  earth  around  the  sun,  of  the  same  nature 
with  t)ie  motions  of  the  jilanets.  But  Copkr.nicub  had  no 
way  of  accounting  for,  or  even  of  describing  with  rigor- 
ous accuracy,  the  small  deviations  in  the  motions  of  the 
planets  around  the  sun.  In  this  rcsjiect  he  made  no  real 
advance  upon  the  ideas  of  the  ancients. 

Keplkk,  in  his  discoveries,  made  a  great  advance 
in  representing  tho  motions  of  all  the  planeta  by  a 
single  set  of  simple  and  easily  understood  geometrical 
laws.  Had  the  planets  followed  his  laws  exactly,  the 
theory  of  planetary'  motion  would  have  been  substantially 
complete.  Still,  further  progress  was  desired  for  two 
reasons.  In  the  first  place,  the  laws  of  Kepler  did  not 
perfectly  represent  all  the  planetary  motions.  When  ob- 
servations of  the  greatest  accuracy  were  made,  it  was  found 
that  the  planets  deviated  by  small  amounts  from  the  oUipso 
of  Kkpi.er.  Some  small  emendations  to  the  motions  com- 
puted on  the  elliptic  theory  wore  therefore  neceaeaiy, 
Had  this  re<iuirement  been  fulfilled,  still  another 
would  have  been  desirable — namely,  that  of  connecting 
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motiona  of  tbp  planets  witli  motion  uptm  tlic  earth,  and 
reducing  tliein  to  tlie  same  laws. 

Notwitlistanding  the  great  step  which  Kepler  made  in 
describing  the  celestiul  niotiouB,  he  unveiled  none  of  tlie 
gnjat  niystury  in  which  they  were  enshroiuk'd.  This  mys- 
tery waa  then,  to  all  ap2>earance,  impenetrable,  because 
not  the  slightest  likeness  could  he  perceived  between  the 
celestial  motions  and  motiona  oh  the  surface  of  the  earth. 
The  difficulty  was  recognized  by  the  older  philosophers  in 
the  division  of  motions  into  "forced"  and  "natural." 
The  latter,  tliey  conceived,  went  on  peqietnally  from  the 
very  nature  of  things,  while  the  fonner  always  teuded  to 
cease.  So  wlien  Kepler  said  that  olwervation  showed  tlio 
law  of  pliuietarj'  motion  to  be  that  around  the  circum- 
ference of  an  eUipse,  as  asserted  in  his  law,  he  said  all  that 
it  seemed  possible  to  leani,  supposing  the  statement  per- 
fectly exact.  And  it  wiis  all  that  could  be  learned  from  the 
mere  study  of  the  planetary  motions.  In  onler  to  connect 
these  motions  with  those  on  the  earth,  the  next  step  Wiis  to 
study  the  laws  of  force  and  motion  here  around  us.  Sin- 
gular though  it  may  appear,  the  ideas  of  the  ancients  on 
this  subject  were  far  more  erroneous  than  their  concep- 
tions of  the  motions  of  the  jilanetfi.  We  might  almost  nay 
that  before  the  time  of  Galileo  scarcely  a  single  correct 
idea  of  the  laws  of  motion  was  generally  entertained  by 
men  of  leaniiiig.  There  were,  indeed,  one  or  two  who  in 
this  respect  were  far  ahead  of  their  age.  Leonakwj  da 
Vinci,  the  celcbnited  painter,  was  noted  in  tins  respect. 
But  the  correct  idesis  entertained  by  him  did  not  seem  to 
make  any  lieadway  in  the  worhi  until  the  early  part  of 
the  seventeenth  century.  Among  those  who,  before  the 
time  of  Nkwton,  prepared  the  way  for  the  theory  in 
question,  Galileo,  IIirronENs,  and  TIooke  are  entitled  to 
especial  mention.  As,  however,  we  caimot  develo])  the 
liistory  of  this  subject,  we  muHt  pass  at  once  to  the  gen- 
eral laws  of  motion  laid  down  by  Nkwton.  TUeeo  werw 
three  in  number. 


Law  Firet :  Every  hody  preserves  its  state  of  rest  or  qf 
uniform  motion  in  a  right  liiui,  unk'ss  it  is  compelled  to 
change  that  state  ?}y  forces  impressed  thereon. 

It  was  formerly  supposed  that  a  body  acted  on  by  no 
force  tended  to  coiue  to  rest.  Hero  lay  one  of  the  j^reat- 
est  difficulties  vvliieh  the  predecessors  of  J^ewton  found, 
in  accoiinttiig  for  the  motion  of  the  planets.  The  idea 
that  the  eun  in  some  way  caused  these  motions  was  enter- 
tained from  the  earliest  times.  Even  Ptolemy  had  a 
vagne  idea  of  a  force  which  was  always  directed  toward 
the  centre  of  the  earth,  or,  wliich  was  to  bim  the  same 
thing,  toward  the  centre  of  the  imiverse,  and  which  not 
only  caused  heavy  bodies  to  fall,  but  bomid  the  whole  uni- 
verse together.  Kki'lek,  again,  distinctly  affirms  the  ex- 
istence of  a  gravitating  force  by  which  the  sun  acts  on  the 
planets  ;  but  he  supjwsed  tliat  the  sun  nmst  also  exercise 
an  impulsive  forward  force  to  keej)  the  phiiieta  in  motion. 
The  rcjifion  of  this  incorrect  idea  was,  of  course,  that  all 
bodies  in  motion  on  the  surface  of  the  earth  had  practically 
come  to  rest.  But  what  was  not  clearly  seen  before  the 
time  of  Newton,  or  at  least  before  Galileo,  was,  that  this 
arose  from  the  inevitable  resisting  forces  wliich  act  upon 
all  moving  bodies  around  us. 

Law  Second  :  The  alt-eration  of  motion  w  ever  propor- 
timuil  to  the  moving  force  impressed,  and  is  matle  in  the 
direction  of  the  right  lijte  in  which  ^nt  force  acts. 

The  first  law  miglit  be  considered  as  a  particular  case  of 
this  second  one  arising  when  the  force  is  supposeil  to  van- 
ish. The  accuracy  of  l>oth  laws  can  be  proved  only  by 
very  carefully  conducted  experiments.  They  arc  now 
considered  sis  mathematically  proved. 

I^w  Third  ;  To  eivry  action  there  is  always  Opposed  an 
equal  I'enction  ;  or  the  imitual  actions  of  two  iodies  "upon 
earh  other  are  fdicays  equal,  and  in  opposite  directions. 

That  is,  if  a  body  A  acts  in  any  way  ujwn  a  body  S, 
Ji  will  exert  a  force  exactly  et^ual  ou  A  in  the  opposite 
direction. 
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These  laws  once  establislied,  it  became  possible  to  calcu- 
late the  niutioii  of  any  body  or  system  of  bodies  when  oiice 
tlie  forces  wliich  act  on  them  were  knftwn,  and.  'vice  versa, 
to  deline  what  forces  were  reijuisite  to  produce  any  given 
motion.  The  fjucstion  which  presented  itself  to  the  mind 
of  Newton  and  his  contemjKtraries  was  this  :  Under  lohat 
law  of  force  will  planeU  iiioce  round  ilw  sun  in  accord- 
ance loith  Kepler's  l^vws  f 

Tlie  laws  of  centra!  forees  liad  been  discovered  by  ITrY- 
GHENs  some  time  before  Newton  commenced  his  re- 
Bearclies,  and  there  was  one  reeult  of  tljcm  which,  fciken  in 
connection  with  IvErhKit'fl  third  law  of  motion,  was  so 
obvious  that  no  mathematician  couhl  have  liad  nmcli  ditH- 
culty  in  perceiving  it.  Supposing  a  body  to  move  around 
in  a  circle,  and  putting  li  the  radius  of  the  circle,  7' the 
period  of  revolution,  nirYouENs  showed  that  the  centrifugal 
force  of  the  body,  or,  whicli  is  tlie  same  thing,  the  attract- 
ive force  toward  the  centre  which  would  keep  it  in  the 

R 


circle,  was  proportional  to 


rj,i- 


But  by  Kepler's  third 


Thus  it  fol- 


law  T*  is  proportional  to  Ti*.     Therefore  this  centripetal 

force  is  proportional  to  ^,  that  is,  to  —-. 

lowed  immediately  from  Kkpi.er's  third  law,  that  the 
central  force  whieli  would  keep  t!ie  phviK-t«  in  tlieir  or- 
bits was  inversely  as  the  square  of  the  distance  from  the 
Bun,  supposing  each  orliit  to  be  circuhir.  The  first  law  of 
motion  once  completely  understtXHl,  it  wa-s  evident  that 
the  planet  needed  no  force  impelling  it  forward  to  keep 
up  ita  motion,  but  that,  once  started,  it  would  keep  on 
forever. 

The  next  step  was  to  solve  the  problem,  what  law  of 
force  will  make  a  planet  describe  an  ellipse  around  the 
sun,  having  the  latter  in  one  of  its  foci  ?  Or,  supposing 
a  planet  to  move  round  the  sun,  the  latter  attracting  it 
with  a  force  inversely  as  the  wjnare  of  the  distance  ;  what 
will  be  thu  fonn  of  the  orbit  of  the  planet  if  it  is  not  cir- 
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colar  ?  A  Rolntion  of  either  of  these  problemB  was  beyond 
the  power  of  matljeiuaticians  J:»efore  the  time  of  Newtos  ; 
and  it  thue  remained  uncertain  whether  the  planets  mov- 
ing under  the  influence  of  the  sun's  gravitation  would  or 
would  not  describe  ellipses.  Unable,  at  first,  to  reach  a 
satisfactory  solution,  Newtos  attacked  the  problem  in 
another  direction,  starting  from  the  gravitation,  not  of 
the  sun,  but  of  the  earth,  as  explained  in  the  following 
section. 


g  S.    ORAVTTATIOIS'  UX  THE  HEAVEITS. 

The  reader  is  probably  familiar  with  the  story  of  New- 
ton and  the  falling  apple.  Although  it  has  no  authorita- 
tive foundation,  it  is  strikingly  illustrative  of  the  method 
by  which  Nkwton  first  reached  a  solution  of  the  problenj. 
The  course  of  reasoning  by  which  he  ascended  from  grav- 
itation on  the  earth  to  the  celestial  motions  was  as  follows  : 
We  see  that  there  is  a  force  acting  all  over  the  earth  by 
which  all  bodies  are  drawn  toward  its  centre.  This  force 
is  familiar  to  every  one  from  his  infancy,  and  is  projierly 
called  gravitation.  It  extends  without  sensible  diminution 
to  the  tops  not  only  of  the  highest  buildings,  but  of  the 
highest  mountains.  IIow  much  luglicr  does  it  extend  ? 
Wliy  should  it  not  extend  to  the  moon  ?  If  it  does,  the 
moon  would  tend  to  droj)  toward  the  earth,  just  us  a  stone 
thrown  from  the  hand  drops.  As  the  moon  moves  round 
the  earth  in  her  monthly  course,  there  nuist  be  some  force 
drawing  her  towanl  the  earth  ;  else,  by  the  first  law  of 
motion,  she  would  fly  entirely  away  in  a  straight  line.  Why 
should  not  the  force  which  makes  the  apple  fall  be  the 
same  force  which  keepn  her  in  her  orbit  i  To  answer  tlus 
question,  it  was  not  only  necessary  to  calculate  the  intensity 
of  the  force  which  would  keep  the  moon  herself  in  her 
orliit,  but  to  compare  it  witli  the  intensity  of  gravity  at  the 
earth's  surface.  It  had  long  been  known  that  the  distmice 
of  the  moon  was  about  sixty  radii  of  the  earth.     If  this 
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force  diminished  iw  tlie  inveree  square  of  the  distance, 
then,  at  the  moon,  it  would  he  only  yjVff  ^  great  as  at 
the  surface  of  the  earth.  Oii  the  earth  a  hudy  falls  six- 
teen feet  in  a  second.  If,  then,  the  theory  of  gravitatioji 
were  correct,  the  moon  ought  to  fall  toward  the  earth 
^ffjs  of  this  amount,  or  altout  -^  of  an  inch  in  a  second. 
The  moon  heinj;  in  motion,  if  we  iitiaj^ine  it  moving  in  a 
8  raight  line  at  the  hegiiming  of  arry  second,  it  ought  to 
he  drawn  away  from  that  lino  ,'5  of  itn  inch  at  the  end  of 
the  secoml.  When  the  calculation  was  made  with  the 
correct  distance  of  the  moon,  it  was  found  to  agree  ex- 
actly with  this  result  of  theory.  Thus  it  WiiK  shown  that 
the  force  which  holds  tlie  moon  in  her  orhit  is  the  same 
wliich  makcji  the  stone  fall,  only  diminished  a.s  the  inverse 
square  of  the  distance  from  the  contre  of  the  earth.* 

As  it  appcju'ed  that  the  contral  forces,  hoth  toward  the 
sun  and  toward  the  earth,  varied  inverisely  as  the  squares 
of  the  distances,  Nkwton  proceeded  to  attack  the  mathe- 
niiitica!  proMcms  involved  in  u  moi'e  systematic  way  tlian 
any  of  his  pretlecessoi-H  had  »lone.  Kki'I.ek's  second  law 
showed  that  the  litie  drawn  from  the  planet  to  the  sun 
will  descrihe  c<pial  arcits  in  eqmi!  times.  Nkwton  showed 
that  this  could  not  he  true,  ludess  the  force  which  held 
the  planet  w:i8  directed  toward  the  sun.  We  iiavc  idready 
stilted  that  the  third  law  showed  that  tlie  force  was  in- 
versely as  the  8(juare  of  the  distance,  and  thus  agreed  ex- 
actly with  the  theory  of  gravitation.      It  only  remained  to 

•  It  Is  a  rcniarkjihle  fuct  in  Uie  Listory  of  Hcieiutt;  tlmt  Newton 
would  liave  rcuclicd  lliis  resull  twenty  yi-jirs  s<K)ner  iIihh  iif  did,  liiu) 
he  not  beta  mislwl  by  iiiliifplinfr  an  erroneous  vuluc  of  tlie  eartli'sdianic- 
ler.  His  first  attempt  to  compute  the  earth's  gravitation  iit  tlic  dtslaiice 
of  the  moon  was  made  in  lIKW,  when  lie  was  only  tweuty-tlirec  years  of 
age.  At  tlmt  lime  he  suppose*!  that  ttdegree  on  the  earth's  surface  was 
sixty  statute  miles,  and  was  in  consequence  led  to  crronpnus  results  by 
Bupposiof;  the  earth  \(\  tie  smaller  and  the  miion  nearer  than  they  renlly 
were.  He  theix;forc  did  not  make  public  his  ideas  ;  but  twenty  years 
hitcr  he  learned  from  the  measures  of  PicAuo  in  France  what  Uie  tnie 
diauieter  of  the  earth  wus,  when  he  repeated  his  calculation  with 
en  tiro  sucoesi. 
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pousidcr  the  reBulte  of  the  firet  law,  that  of  the  elliptic 

mritiiiti.  After  I«iiig  and  laborious  efforts,  NEWTr)N  was 
i'iiu!)1im1  to  deiiioiistratc  rigorously  that  this  law  also  re- 
Hultod  from  the  law  of  the  inverse  square,  and  could  result 
from  no  other.  Thus  all  mystery  disappeared  from  the 
feicHtiiil  luotiona  ;  luul  planets  were  shown  to  be  simply 
heavy  Ixxlies  moving  according  to  the  same  laws  that  were 
lifting  liere  around  us,  only  under  very  different  cireum- 
Htimces.  All  tliree  of  Kkplek's  laws  were  embraced  in 
the  single  law  of  gravitation  toward  the  sun.  The  sun 
itKnu'tH  tlio  planets  as  the  earth  attracts  bodies  here 
iirouiid  UH. 

Mutual  Action  of  the  Planets.  —It  remained  to  extend 
iind  prove  the  tlicory  by  considering  tiic  attraetions  of  the 
ptitnetH  tlieniHclvea.  By  Newton's  tliird  law  of  motion, 
eactli  ])limct  must  attract  the  sun  with  a  force  equal  to  that 
which  the  sun  exerts  u]x)n  the  planet.  The  moon  also 
niUHt  iittriu't  the  cartli  m  much  its  the  earth  attracts  the 
moon.  8ucli  l)oing  the  case,  it  mutit  be  highly  probable 
thiit  the  [ilunctH  iittniet  each  other.  If  so,  Kepler's  laws 
can  only  l>c  an  ii])pro.\iniation  to  the  tnith.  The  sun, 
being  immensely  more  massive  than  any  of  the  planets, 
(ncrjiowcrK  Hu-ir  attraction  upon  each  other,  and  makes 
the  law  of  elliptic  motion  very  nearly  true.  But  still  the 
comftarativcly  small  attratition  of  the  planets  must  cause 
flotiie  deviations.  Now,  deviations  from  tlie  pure  elliptic 
juotioti  were  knowTi  to  exist  in  the  ease  of  several  of  the 
planets,  notaltly  in  that  of  the  moon,  whicii,  if  gravitation 
Were  uuivcrsiil,  must  move  under  the  influence  of  the  com- 
bined atti-jK'tion  of  the  earth  and  of  the  sun.  Newtok, 
tlierefore,  attacked  the  complicated  problem  of  the  d< 
minatioii  of  the  motion  of  the  nioon  uiulerj 
action  of  tliese  two  forces.  He  showed 
tliut  its  ileviiitions  would  Ik*  of  the  sam"' 
nliown  by  observation.  But  tlie  comph 
jiroblcm,  which  required  the  answer  t 
numbers,  was  beyond  hi 
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Gravitation  Hesidea  in  each  Particle  of  Matter. — Still 
another  ijuestion  :iro«.i.  Were  tlieee  niutuiiHy  attractive 
forces  resident  in  the  centres  of  the  several  bodies  attracted, 
or  ui  each  particle  of  the  matter  composing  them  ?  Nkw- 
TON  showed  that  the  latter  niuet  he  the  case,  beeanse  the 
Bmallest  bodiej^,  as  well  as  the  largest,  tended  to  fall 
toward  the  earth,  thus  showiiig  an  equal  gravitation  in 
every  separate  part.  The  question  tlien  arose  :  what 
would  be  the  action  of  the  earth  upon  a  body  if  the 
body  was  attracted — not  toward  the  centre  of  the  earth 
alone,  but  toward  every  particle  of  matter  in  the  earth  ? 
It  was  shown  by  a  quite  simple  mathematical  demonstra- 
tion that  if  a  planet  were  on  the  surface  of  the  earth  or 
outside  of  it,  it  would  be  attracted  with  the  same  force  as 
if  the  whole  mass  of  the  tiirth  were  concentrated  in  its 
centre.  Putting  together  the  various  results  thus  arrived 
at,  Newton  was  able  to  formulate  his  great  law  of  uni- 
versal gravitation  in  these  comprehensive  words  :  '*  Every 
particle  of  vuitt<.'r  in  the  u/iiverse  aUrac't«  every  other 
partida  with  a  force  directly  as  the  masses  of  the  two 
particles,  and  inversely  as  the  square  of  the  distance 
which  separates  thern.''^ 

To  show  the  nature  of  the  attractive  forces  among 
these  various  particles,  let  us  represent  by  m  and  m'  the 
masses  of  two  attracting  bodies.  We  may  conceive  the 
body  m  to  be  composed  of  m  particles,  and  tlie  other 
body  to  be  coin|Hjsed  of  >/i'  particles.  Let  us  conceive  that 
each  particle  of  the  one  body  attracts  each  particle  of  the 

other  with  a  force  -, .     Then  every  particle  of  m  will  be 

attracted  by  each  of  the  m'  particles  of  the  other,  aTid 
therefore  the  total  attractive  force  on  each  of  these  ta  par- 
Each  of  the  7/t  particles  being  ecjually 
attraction,  the  total  attractive  force  between 
When   a  given   force  acta 
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uputi  a  liody,  it  will  prodaoe  len  motion  the  larger  the 
bodj  is,  the  acoelertUing  force  being  proportional  to  the 
total  attracting  force  diviJed  by  the  mass  of  the  body 
moved.  Therefore  the  accelerating  force  which  acts  on  the 
body  m',  and  which  detenninee  the  amoniit  of  motion,  will 

be  -; ;  and  conversely  the  accelerating  force  acting  on  the 


§  3.    PBOBL£MS  OP  GRAVTTATIOlf. 

The  problem  solved  by  Nkwton,  considered  in  its  great- 
est generality,  was  this  :  Two  bodies  of  which  the  masses 
are  given  are  projected  into  space,  in  certain  directions,  and 
with  certain  velocities.  AVTiat  will  be  their  motion  under 
the  influence  of  tlicir  mutual  gravitation  ?  If  their  rela- 
tive motion  does  not  exceed  a  certain  definite  amount,  they 
will  each  revolve  around  tlieir  common  centre  of  gravity 
in  an  cllijiw,  as  in  the  CJise  of  planctarj-  motions.  If,  how- 
ever, the  relative  velocity  exceeds  a  certain  limit,  the  two 
iMjdies  will  separate  forever,  each  describing  around  tlio 
common  centre  of  gravity  a  curve  having  infinite  branches. 
Tlii'se  curves  are  foimd  to  bo  piinilKjlas  in  the  case  where 
tlie  velocity  is  exactly  at  the  limit,  and  liypcrbfilas  when 
the  velocity  exceeds  it.  Whatever  curves  may  be  de- 
scribed, the  common  centre  of  gravity  of  tlie  two  bodi« 
will  be  in  tlie  focus  of  the  curve.  Thus,  when  restricted 
to  two  bodies,  the  problem  admits  of  a  perfectly  rigorous 
mathematical  solution. 

Having  succeeded  in  solving  the  problem  of  planetary 
motion  for  the  case  of  two  bodies,  Newton  and  hi?,  oon- 
temporaries  very  naturally  desired  to  eflFect  a  similar  solu- 
tion for  the  case  of  three  l)odic8.  The  problem  of  motion 
in  our  solar  system  is  that  of  the  mutual  action  of  a  groat 
mimlicr  of  Iwdies  ;  and  having  succeeded  in  the  case  of 
two  bodies,  it  was  necessary  next  to  try  that  of  three 
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Tims  arose  the  celebrated  problem  of  three  bodies.  It  is 
found  that  no  rigorous  and  general  solution  of  this  problem 
is  possible.  Tlie  t-urves  descTibed  by  the  several  bodies 
would,  in  general,  be  so  complex  as  to  defy  mathematical 
definition.  But  in  the  special  case  of  motions  in  the  sohir 
system,  the  ]>roblejn  admits  of  being  solved  by  approxima- 
tion with  any  required  degixje  of  accuracy.  The  princi- 
ples involved  in  this  system  of  approximation  may  be  com- 
pared to  tliose  involved  in  extracting  the  square  root  of 
any  number  which  is  not  an  exact  s<]uare  ;  2  for  instance. 
The  square  root  of  2  caimot  be  exactly  expressed  either 
by  a  decimal  or  vulgar  fraction  ;  Imt  liy  increasing  the 
nnndjer  of  Hgures  it  can  be  expressed  to  any  required  limit 
of  approximation.  Thus,  the  vulgar  fractions  |,  ■}},  J|^, 
etc.,  are  fractions  which  approach  more  luid  more  to  the 
required  quantity  ;  and  by  using  larger  numbers  the  errors 
of  such  fraction  may  bo  made  as  small  as  we  please.  So,  in 
using  decimals,  we  diminish  the  error  by  one  tenth  for  eve- 
ry decimal  we  add,  liut  never  reduce  it  to  zero.  A  process 
of  the  same  nature,  but  immensely  more  complicated,  has 
to  be  used  in  com]>uting  the  motions  of  the  planets  from 
their  mutual  gravitation.  The  possibility  of  such  an  ap- 
proximation arises  from  the  fact  that  the  planetary  orbits 
are  nearly  circular,  and  that  their  masses  are  very  small 
compared  with  that  of  the  sun.  The  tirst  approximation 
is  that  of  motion  in  an  ellipse.  In  this  way  Hie  motion  of 
a  planet  through  sevend  I'evolutions  can  nearly  always  be 
predicted  within  a  small  fraction  of  a  degree,  though  it 
may  wander  widely  in  the  course  of  centuries.  Then  sup- 
pose each  planet  to  move  in  a  known  ellijisc  ;  their  nmtual 
attraction  at  each  point  of  their  respective  orbits  can  be 
expressed  by  algebraic  fonnulai.  In  constructing  these 
formulte,  the  orbits  are  tirst  supposed  to  be  circular  ;  and 
afterward  account  is  taken  by  several  successive  steps  of 
the  eccentricity.  Having  thus  found  approximately  their 
action  on  each  other,  the  deviations  from  the  pure  elliptic 
need  by  this  action  may  be  approximately  cal- 
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culated.  This  being  done,  the  motionfl  will  be  more  exact- 
ly determined,  and  the  mutual  action  can  be  more  exactlj 
cak'ulated.  Thus,  the  procesB  can  be  carried  on  step  bj 
step  to  any  degree  of  precieion  ;  but  an  enormous  amount 
of  calculation  is  necessary  to  ssttitsfy  the  requirements  of 
modern  times  with  respect  to  precision.*  As  a  genenil 
rule,  every  successive  step  in  the  approximation  is  ruucli 
more  laborioiw  than  idl  the  preceding  ones. 

To  understand  the  prijiciplo  of  astronomical  investiga- 
tion into  the  motion  of  tlie  planets,  the  distinction  be- 
tween observed  and  theoretical  motions  must  he  borne  in 
mind.  When  the  sxstronomer  with  Jiis  muridiau  circle  de- 
termine* the  position  of  a  planet  on  the  celestial  sphere, 
that  position  is  an  observed  one.  When  he  calculates  it,  for 
the  same  instant,  from  theory,  or  from  tables  founded  on 
the  theory,  the  residt  will  Xm  a  caleuhited  or  theoretical 
position.  The  two  are  to  be  regarded  as  separate,  no  mat- 
ter if  they  should  be  exactly  the  same  in  reiJity,  because 
they  have  an  entirely  ditTcnint  origin.  But  it  must  be  re- 
memlwred  that  no  position  can  be  cidcuLited  from  theory 
alone  indejx'ndent  of  observation,  because  idl  soimd  theory 
requires  some  data  to  start  with,  which  obser\'ation  alone 
can  fnrtiish.  In  the  case  of  planet^iry  motions,  these  data 
are  the  elements  of  the  planetary  orbit  aln-ady  described, 
or,  which  amounts  to  the  same  tiling,  the  velocity  anddi- 
rection  of  the  motion  of  the  planet  as  well  aa  its  mass  at 
some  given  time.  If  these  quiuititie*  were  once  given 
with  mathematical  precision,  it  would  be  possible,  from  the 
theory  of  gnivitation  alone,  without  re<!Oursc  to  observa- 
tion, to  predict  the  motions  of  the  planets  day  by  day 
and  generation  after  generation  with  any  required  degree 
of  precision,  always  supposing  that  they  are  subjected  to  no 
influence  except  their  mutual  gravitation  acconling  to  the 
law  of  Newtxin.  Bat  it  is  impossible  to  dctcnnine  the 
elements  or  the  vehxjitiea  without  recourse  to  oliservation  ; 

*  la  tbc  works  of  th(-  great  iniU4iein<ilii-iiuifl  on  Uiis  subject,  algebraic 
formulie  vxt<.-ti(liiig  tlirougli  nutny  piigi»i  are  suuMitiines  gWim. 
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and  however  eurrectly  they  may  seemingly  be  determined 
for  the  time  being,  subsequent  observations  iklways  sliow 
them  to  liiive  been  more  or  lees  in  error.  Tlie  reader 
must  uuderatand  that  no  iistronomical  ubservatiun  can  he 
mathematically  exact.  Both  tho  instruments  and  the 
observer  are  subjected  to  inflnenccs  whicli  ]>revent  more 
than  an  appro xiinatiou  heiog  attained  fi'om  any  one 
observation.  The  great  art  of  the  aeti-ouomer  eouBiats  in 
8o  treating  Jind  combining  hia  observations  as  to  eb'minate 
their  errors,  and  give  a  result  as  near  the  tnitli  jw  pttssible. 
When,  by  thus  combining  his  observations,  tlie  astrono- 
mer ha«  obtiiined  tlie  elements  of  the  phmet's  motion  which 
he  considers  to  be  near  the  tnith,  he  calculates  from  them 
a  scriett  of  positions  of  the  planet  from  day  to  day  in  the 
future,  to  he  compared  with  siibsequent  observations.  If 
he  desires  his  work  to  he  more  permanent  in  its  nature, 
he  may  coustnict  tables  by  which  the  ixisition  can  be  de- 
teiinined  at  any  future  time.  Having  thus  a  series  of  the- 
oretical  or  calcuhited  places  of  the  planet,  he,  or  others, 
will  compare  hia  predictions  "with  observation,  and  from 
the  differences  deduce  corrections  to  his  elements.  liVe 
may  say  iu  a  rough  way  that  if  a  plairet  has  been  observed 
through  a  certidu  number  of  years,  it  is  possible  to  calculate 
its  place  for  an  equiJ  number  of  years  in  advance  with 
some  approach  to  precision.  Accurate  olworvationa  are 
commonly  supposed  to  commeTice  with  Bkadi.ey,  Astron- 
omer Eoyal  of  England  iu  175U.  A  century  and  a  quarter 
having  elapsed  since  that  time,  it  is  now  jwssible  to  con- 
Btruet  tables  of  the  planets,  which  we  may  e.xpect  to  l)e 
tolerably  accui-ate,  until  the  year  20UO.  Hut  this  is  a 
poeeibility  rather  than  a  I'cjdity.  The  anjount  of  calcu- 
lation required  for  such  work  is  so  immense  as  to  be  en- 
tirely beyond  the  power  of  any  one  person,  ar»d  hence  it  is 
Only  when  a  mathematician  is  able  to  command  the  scr- 
ioea  of  others,  or  when  several  niathematiciiuis  in  some 
ombino  for  an  object,  that  the  best  astrononrical 
►«r  Imj  constructed. 
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S  4.    HESTTLTS  OF  GBAVITATIOIf. 

From  what  we  have  eaid,  it  will  be  seen  that  the  problem 
of  tliu  niutious  of  the  planets  under  the  influence  of  grav- 
itation has  called  fortli  all  the  skill  of  the  inatheTnatieians 
who  have  attacked  it.  They  actually  find  themselves  able 
to  reach  a  solution,  which,  bo  far  as  the  mathematics  of  the 
subject  are  concerned,  may  be  true  for  many  centuries,  but 
not  a  solution  which  shall  be  trao  for  all  tiino.  Among 
those  who  have  brought  tlie  solution  so  near  to  perfec- 
tion, La  Place  is  entitled  to  the  first  rank,  ultiiough  there 
are  others,  especially  La  Gkanoe,  who  are  fully  worthy  to 
be  named  along  with  him.  It  will  be  of  interest  to  state 
the  general  results  reached  by  these  and  other  mathcuia- 
ticians. 

We  call  to  mind  that  but  for  the  attraction  of  the 
planets  upon  each  other,  every  planet  would  move  around 
the  sun  in  an  iiiviirinble  ullijwe,  iiccurdiug  to  Kki-lkk's 
laws.  The  deviations  from  this  elliptic  nK>tion  produced 
by  their  mutual  attraction  are  called  j>t'rfiirfjiition«.  When 
they  were  investigated,  it  was  found  that  they  were  of  two 
classes,  which  were  denominated  respectively  periodic 
periurhalion-8  and  Hfcuhtr  enrlniions. 

The  periodic  perturbations  consist  of  oscillations  depend- 
ent upon  the  nmtual  positiona  of  tlie  planets,  and  there- 
fore of  comparatively  short  period.  Wlienever,  after  a 
number  of  revolutions,  two  planets  return  to  the  same 
position  in  their  orbits,  the  perimlio  perturbations  are  of 
the  same  amount  so  far  us  these  tw(t  planets  are  concerned. 
They  may  therefore  be  algt'braically  expressed  as  depend- 
ent upon  the  longitude  i»f  the  two  planets,  the  distxirbing 
one  and  the  disturbed  one.  For  instatu'C,  the  perturba- 
tions of  tlie  e^arth  produced  Ity  the  action  of  Mercury 
depend  on  the  longitude  of  the  earth  and  on  that  of  Mer- 
cury. Those  produced  by  the  attraction  of  Vemia  de- 
pend upon  the  longitude  uf  the  uarth  uud  uu  that  of 
Venius,  and  so  on. 


RESULTS  OF  ORAVITATION. 

The  teeidar pefhtrhationSy  or  secular  variations  as  they 
are  commonly  called,  coiisiat  of  slow  changes  in  the  foruifl 
and  positions  of  the  several  orbits.  It  is  found  that  the 
perihelia  of  all  the  orbits  are  slowly  changing  their  ap- 
parent directions  from  the  sun  ;  that  the  eccentricities  of 
some  are  increasing  and  of  others  diminishing  ;  and  that 
the  poeitions  of  the  orbite  are  also  changing. 

One  of  the  first  questions  which  arose  in  reference  to 
these  secular  variations  was,  will  they  go  on  indefinitely  ? 
If  they  should,  they  would  evidently  end  in  the  subversion 
of  the  solar  system  and  the  de&tniftion  of  ail  life  upon  the 
earth.  The  orbits  of  the  earth  and  planets  would,  in  the 
course  of  ages,  become  so  eccentric,  that,  ap]>roaching 
near  the  sun  at  one  time  and  receding  far  away  from  it  at 
another,  the  variations  of  temperature  would  l)e  destruc- 
tive to  life.  This  problem  was  first  solved  by  La  Grange. 
He  showed  that  the  changes  could  not  go  on  forever,  but 
that  each  eecoutricity  would  always  be  confined  between 
two  quite  narrow  hmits.  HIb  results  may  Iw  expressed 
l)y  a  very  simple  geometrical  construction.  Let  S  repre- 
sent the  sun  situated  iu  tho  focus  of  the  ellipse  in  which 
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the  planet  moves,  and  let  C  be  the  centre  of  the  ellipe. 
Let  a  straight  line  SB  emanate  from  the  sun  to  B, 
another  line  pass  from  B  to  D,  and  so  on  ;  the  number  of 
these  lines  being  equal  to  tliat  of  the  planets,  and  the  last 
one  tenuinating  in  C,  the  centre  of  the  ellipse.  Then  the 
line  S  B  will  be  moving  around  the  smi  with  a  very  slow 
motion  ;  B  D  will  move  arountl  B  with  a  slow  motion 
somewhat  different,  and  so  each  one  will  revolve  iu  the 
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same  manner  until  wc  rciicli  the  iinu  wliich  carries  on  it« 
end  the  centre  of  the  ellipse.  These  motiuns  are  so  slow 
that  some  of  them  refj»iir«  tens  of  thonsands,  and  others 
hnndreds  of  thousands  of  y^iarB  to  peii'orm  the  revolution. 
By  the  coiuhitied  motion  of  tlieni  all,  the  centre  of  the 
eUipse  describes  a  Poniewhat  irref^tlar  curve.  It  is  evi- 
dent, however,  that  the  distance  of  the  centre  from  the 
sun  can  never  he  greater  tlian  the  snm  of  these  revolving 
lines.  Now  this  di.stanee  shows  the  eccentricity  of  the 
ellipse,  whieli  is  c<pial  to  half  the  difference  between  the 
greatest  and  least  distartees  of  the  planet  from  the  sun. 
Tlie  perihelion  Ijeing  in  the  direction  t'  S,  on  the  opposite 
side  of  the  snn  from  (',  it  is  evidi^it  that  the  motion  of 
6'will  can*y  the  perihelion  with  it.  It  is  found  in  this 
way  that  the  eceeiitrieity  of  the  eartli's  orbit  liaa  been 
diminishing  for  about  eigliteen  tliuusjiiul  yeare,  and  will 
continue  to  diminish  for  twenty-five  thonsand  years  to 
come,  when  it  will  be  more  nearly  circular  than  any  orbit 
of  our  system  now  is.  Hut  before  beconn'ng  quite  circu- 
lar, the  eccentrieity  will  liogin  to  increjise  again,  and  so  go 
on  oscillating  indefiuitely. 

Secular  Acceleration  of  the  Moon. —  Another  remark- 
able ix'sult  reached  by  tuathematical  research  is  that  of  tl>o 
acceleratiuu  of  the  moon's  tnution.  More  than  a  century 
ago  it  was  founil,  by  cfuiijuiriug  the  ancient  and  modern 
observations  of  the  moon,  that  the  latter  moved  around  the 
earth  at  a  slightly  greater  rate  than  she  did  in  ancient 
times.  The  existence  of  this  acceleration  was  a  source  of 
great  perplexity  to  L.\  (riiANOK  and  La  Place,  because 
they  thought  that  they  had  demonstrated  mathematically 
that  the  attraction  could  not  have  accelenitcd  or  retarded 
the  mean  motion  of  the  moon.  But  on  continuing  his  in- 
vestigatiitn.  La  I'i.ack  found  that  there  w;i8  one  cause 
which  he  omitted  to  take  account  of — namely,  the  secular 
diminution  in  the  eccentricity  of  the  earth's  ctrbit,  of 
which  we  have  just  spoken,  lie  found  that  (bis  change 
in  the  eccentricity  would  slightly  alter  the  action  of  tUo 
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Bun  upon  the  moon,  and  that  this  alteration  of  action 
■would  he  siich  that  so  long  as  the  eccentricity  grew 
Bmalk-r,  the  motion  of  tlie  moon  wouhi  continue  to  be  ac- 
celerated. Computing  the  moon's  acceleration,  he  found  it 
to  be  e<inal  to  ten  seconds  into  tlie  sijuare  of  the  number 
of  {-L-nturics,  the  law  being  the  same  as  that  fJvrtbe  motion 
of  a  falling  body.  That  i.-s,  while  in  one  century  she  would 
be  ten  seconds  ahead  of  the  phicc  she  would  have  occupied 
liad  her  mean  motion  l)een  uniform,  she  would,  in  two 
centnrica,  be  forty  seconds  ahead,  in  three  centuries  ninety 
seconds,  and  so  on  ;  and  during  the  two  thousan.l  years 
which  have  elapsed  since  the  observations  uf  Hiri'AFteiius, 
the  acceleratitjti  would  be  more  than  a  degree.  It  has  re- 
cently been  found  that  L\  Place's  calculation  wjis  not  com- 
plete, and  that  with  the  more  exact  methods  of  ivcent  times 
the  real  acceleration  computed  from  the  theory  of  gravita- 
tion is  only  about  six  seconds.  The  oteervations  of  ancient 
eclipses,  however,  compared  with  our  modern  tables,  show 
an  acceleration  greater  than  this  ;  but  owing  to  the  rude 
and  doubtful  character  of  nearly  all  the  ancient  data,  there 
is  some  doubt  about  the  exact  amount.  From  the  must 
celebrated  total  eclipses  of  the  sun,  an  acceleration  of  about 
twelve  seconds  is  deduced,  while  the  observations  of 
PTOLEiinr  and  the  Arabian  aKtronomers  itvdicatc  only  eight 
or  nine  second.s.  There  is  thus  an  ajiparent  discre|iancy 
between  theory  and  observation,  the  hitter  giving  a  larger 
value  to  tlic  acceler.ition.  This  ditferencc  is  now  accounted 
for  by  suj)posing  that  the  motion  of  the  earfli  on  its  axis 
is  retunled — that  is,  that  the  day  is  gradually  growing 
longer.  From  the  modern  theory  of  friction,  it  is  found 
that  the  motion  of  the  ocean  under  the  inHuence  of  the 
moon's  attmctinn  which  causes  the  tides,  must  be  accom- 
panied with  some  friction,  and  that  this  friction  must  re- 
tard the  earth's  rotation.  There  is,  however,  no  way  of 
determining  the  aTntumt  uf  this  retardation  unless  we 
assume  that  it  causes  the  observed  discrepancy  between 
the  theoretical  and  ol«erved  accelerations  of  the  moon. 
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How  tliis  effect  is  produced  will  be  seen  by  reflecting  that 

if  the  day  is  continually  growing  longer  without  our  know- 
ing it,  our  observations  of  tlie  moon,  which  we  may  suppose 
to  be  made  at  noon,  for  example,  will  be  constantly  made  a 
little  later,  because  the  interval  fnun  one  noon  to  another 
will  he  continually  gro^ving  it  little  longer.  The  nnx>n  cou- 
tinnall}  moving  forward,  the  observation  wilt  place  her  fur- 
ther and  further  ahead  than  she  would  liave  been  observed 
had  there  been  no  retaitlation  of  the  time  of  noon.  If  in 
the  course  of  ages  our  noon-dials  get  to  be  an  hour  too 
late,  we  should  find  the  moon  ahead  of  her  calculated  place 
by  one  liour's  motion,  or  about  a  degree.  The  present 
theory  of  acceleration  is,  therefore,  that  the  moon  is  really 
accelerated  alrout  six  seconds  in  a  century,  and  that  the 
motio!i  of  the  earth  on  its  axis  is  gnuhially  diminishing 
at  such  a  rate  as  to  produce  an  apparent  additional  ac- 
celeration which  may  range  from  two  to  8ix  secouds. 


8  5.    REMABKS    ON  THE    THEORY    OP    GRAVITA- 

TIOIT. 

The  real  nature  of  the  great  discovery  of  Newton  ja  so 

fnvjuently  misunderstood  tliat  a  little  attention  may  be 
given  to  its  elucidation.  Gravitation  is  frefjuently  spoken 
of  as  if  it  were  a  theory  of  N  ewton'b,  and  very  generally 
received  by  astronomers,  but  still  liable  to  bo  ultimately 
rejected  as  a  great  many  other  theories  have  been.  Not 
infrequently  people  of  greater  or  less  intelligence  are 
fnimd  making  great  efforts  to  prove  it  erroneous.  Every 
jmjuiinent  seientific  institution  in  the  world  frequently 
receives  cv^ays  having  this  object  in  view.  Now,  the  fact 
ifi  that  Nkwton  did  not  discover  any  new  force,  but  only 
showed  that  the  motions  of  the  heavens  could  be  accounted 
for  by  a  force  which  we  all  know  to  exist.  Gravitation 
(T>atin  (/rarifa^ — weight,  heaviness)  is,  properly  speaking, 
tiie  force  which  makes  all  bodies  here  at  the  surface  of  tlie 
earth  tend  to  fall  downward  ;  and  if  any  one  wiahea  to 
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Biibvert  the  theory  of  gravitation,  he  iiniBt  begin  by  prov- 
ing that  this  force  does  not  exist.  This  no  one  wouhi 
think  of  doing.  What  Newton  diJ  was  to  show  that 
this  force,  which,  before  bia  time,  had  been  recognized 
only  m  acting  on  the  surface  of  the  earth,  rcally  extended 
to  tlie  heavens,  and  that  it  resided  not  only  in  the  earth 
itself,  l)ut  in  the  heavenly  bodies  also,  and  in  each  particle 
of  matter,  however  situated.  To  put  the  nxattcr  in  a  terse 
fomi,  what  Newton  discrovered  waa  not  yravitati&n,  but 
the  universality  of  gravitation. 

It  may  bo  inquired,  is  thd  induction  wbicli  supposes 
gravitation  universal  so  complete  as  to  bo  entirely  l>eyond 
doubt  i  We  reply  that  within  the  solar  system  it  certainly 
is.  The  laws  of  motion  as  established  by  observation  and 
experiment  at  the  surface  of  the  earth  must  be  eonsiilered 
as  mathematically  certain.  Now,  it  i.s  an  observed  fact 
that  the  planets  in  their  motions  deviate  from  straight 
lines  iu  a  certain  way.  By  the  first  law  of  motion,  such 
deviation  can  be  produced  only  by  a  force  ;  and  the  direc- 
tion and  intensity  of  this  force  admit  of  being  calculated 
once  that  the  motion  is  determined.  When  thus  calculated, 
it  is  found  to  he  cxiietly  represented  by  one  great  force 
constantly  directed  toward  the  sun,  and  smaller  sulisidiary 
forces  directed  toward  the  several  planets.  Therefore, 
no  fact  in  natui-e  is  more  firmly  established  than  is  that  of 
univensal  gravitation,  as  laid  down  by  Newton,  at  least 
within  the  solar  system. 

We  shall  find,  in  describing  double  stars,  that  gravita- 
tion is  also  found  to  act  between  the  comix>nent8  of  a  great 
number  of  such  stars.  It  is  certain,  therefore,  that  at 
least  some  stars  gravitate  toward  each  other,  as  the  bodies 
of  the  solar  system  do  ;  but  the  distance  which  separatee 
most  of  the  stars  from  each  other  and  from  our  sun  is  bo 
immense  that  no  evidence  of  gravitation  between  them 
has  yet  been  given  by  observation.  Still,  that  they  do 
gravitate  according  to  Newton's  law  can  hardly  l)e  seri- 
ously doubted  by  any  one  who  nndersUnds  the  subject. 
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The  reader  may  now  be  supposed  to  see  the  absurdity  of 
supposing  tliat  the  theory  of  gravitation  can  ever  be  sub- 
verted. It  ia  not,  lunvever,  alwurd  to  suj>]>ose  tliat  it  may 
yet  be  shown  to  ho  the  result  of  some  mure  general  law. 
Attempts  to  do  this  are  made  from  time  to  time  by  men 
of  a  phiK)SO}>hie  spirit ;  hut  thus  far  no  theory  of  the  sub- 
ject having  the  slightest  probability  in  its  favor  has  been 
propounded. 

Perhaps  one  of  the  most  celebrated  of  these  theories  is 
that  of  George  Lewis  Le  Saok,  a  Swiss  ])hy8icist  of  the 
last  eentury.  Ho  supposed  an  infinite  number  of  ultra- 
mundane corpuscles,  of  transcendent  minuteness  and  veloc- 
ity, traversing  space  in  straight  lines  in  all  directions.  A 
single  body  placed  in  tiie  midst  of  such  an  ocean  of  mov- 
ing corpuscles  would  remain  at  rest,  sinc^  it  would  be  equal- 
ly impelled  in  every  direction.  I?ut  two  bodies  would  ad- 
vance toward  each  other,  becanso  each  of  them  would 
screen  the  other  from  these  corpuscles  moving  in  the 
straight  hue  joining  their  centres,  and  there  would  be  a 
slight  excess  of  corpuscles  acting  on  that  side  of  eacli 
body  which  was  turned  away  from  the  other.* 

One  of  tlio  commonest  conceptions  to  account  for  grav- 
itation is  that  of  a  lluid,  or  ether,  extending  through  all 
space,  wliich  is  supposed  to  lie  animated  by  certain  vibra- 
tions, and  forms  a  vehicle,  as  it  wore,  for  the  transmission 
of  gravitation.  This  and  all  other  theories  of  the  kind 
are  subject  to  the  fatal  objection  of  jaroposing  complicated 
systems  to  account  for  the  most  simple  and  elementary 
facts.  If,  indccfl,  such  systems  were  otherwise  known  to 
exist,  and  if  it  could  be  shown  that  they  really  would 
produce  the  effect  of  gravitation,  they  would  l)e  entitled 
to  reception.  But  since  they  have  been  imagined  only  to 
account  for  gravitation  itself,  and  since  there  is  no  proof 
of  their  existence  except  that  of  accounting  for  it,  they 

•  Reference  may  be  made  to  jui  urticlc  on  the  kinetic  theories  of 
gravitation  by  William  B.  Taylor,  in  the  Smithsonian  Report  for 
1870. 
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are  not  entitled  to  any  weight  wliatever.  In  the  present 
state  of  science,  we  are  justified  in  regarding  gravitation  as 
an  ultimate  principle  of  matter,  incapable  of  alteration  by 
any  transformation  to  which  matter  can  be  subjected. 
The  most  earefnl  experiments  show  that  no  chemical  pro- 
cess to  which  matter  can  be  subjected  eitlier  increases  or 
diminishes  its  gravitating  principles  in  tlie  slightest  degree. 
We  cannot  therefore  see  how  this  principle  caa  ever  be 
referred  to  any  more  general  cause. 
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CHAPTER  VI. 

THE  MOTIONS  AND  ATTRACTION  OF  THE  MOON. 

Each  of  the  planets,  except  Mercury  and  Venus,  is  at- 
tended hy  one  or  more  Kitellites,  or  moons  a«  they  arc  sorae- 
tiiiies  familiarly  called.  These  objects  revolve  around  their 
several  planets  in  nearly  circular  orbits,  accompanying  them 
in  their  revolutions  around  the  sun.  Their  distances  from 
their  planets  are  very  small  compared  with  the  distances 
of  the  latter  from  each  other  and  from  the  sun.  Their 
magnitudes  also  are  very  small  compared  with  those  of  the 
planets  around  which  they  revolve.  Where  there  are 
several  satellites  revolving  around  a  planet,  the  whole  of 
these  bodies  forms  a  small  system  similar  to  the  solar  sys- 
tem in  arrangement.  Considering  each  system  by  itself, 
the  satellites  revolve  around  tfieir  central  planets  or 
"  primaries, '^  in  nearly  circular  orbits,  much  as  the  planets 
revolve  around  the  sun.  But  each  system  is  carried  around 
the  sun  without  any  serions  derangement  of  tlie  motion 
of  its  several  bodies  among'  tlienaselves. 

Our  earth  has  a  single  satellite  accompanying  it  in  this 
way,  the  familiar  moon.  It  revolves  around  the  earth  in 
a  little  less  than  a  month.  The  nature,  causes  and  con- 
sequences of  this  motion  form  tlie  subject  of  the  present 
chapter. 

g   1.    THE   MOON'S   MOTIONS    AND    PHASES. 

Tl»at  the  moon  performs  a  monthly  circuit  in  the  heav- 
ens is  a  fact  with  which  we  are  all  familiar  from  child- 
hood.    At  certain  times  we  see  her  newly  emerged  from 
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tlie  snn's  rays  in  the  western  twilight,  and  then  we  call 
her  tlie  new  moon.  On  each  succeeding  evening,  we  Bee 
her  further  to  the  east,  so  that  in  two  weeks  she  is  oppo- 
site the  sun,  rising  in  the  east  as  he  sets  in  tlie  west. 
Continuing  her  course  two  weeks  more,  she  has  approached 
the  sun  on  the  otiier  side,  or  froni  the  west,  and  is  once 
more  lost  in  his  rays.  At  the  end  of  twenty-nine  or  thirty 
days,  we  see  her  again  emerging  as  new  moon^  and  her  cir- 
cuit is  complete.  It  is,  however,  to  be  remembered 
that  the  sun  luis  I>eeii  apparently  moving  toward  the  east 
among  the  stars  during  the  whole  month,  so  that  during 
the  interval  from  one  new  moon  to  the  next  the  moon  has 
to  make  a  comjdete  circuit  relatively  to  the  stars,  and 
move  forward  some  30°  further  to  overtake  the  sun.  The 
revolution  of  the  moon  among  the  stars  is  jwrfonned  in 
about  27i  days,*  so  that  if  we  observe  when  the  moon  is 
very  near  some  star,  we  shall  find  her  in  the  same  position 
relative  to  the  star  at  the  end  of  this  interval. 

The  motion  of  the  moon  in  this  circuit  differs  from  the 
apparent  inotions  of  the  planete  in  being  always  forward. 
We  liave  seen  tliat  the  planets,  though,  on  the  whole,  mov- 
ing directly,  or  toward  the  east,  are  affected  with  an  ap- 
parent retrograde  motion  at  certain  intervals,  owing  to  the 
motion  of  tlie  earth  around  tlie  sun.  But  the  earth  is  the 
real  centre  of  tlie  moon's  motion,  and  carries  the  moon 
along  with  it  in  itii  aimual  revolution  around  the  sun.  To 
form  a  correct  idea  of  the  real  motion  of  these  three 
bodies,  we  must  imagine  the  earth  performing  its  circuit 
around  the  sun  in  one  year,  and  carrying  with  it  the  moon, 
which  makes  a  revolution  around  it  in  27  days,  at  a  distance 
only  about  -f\-^  that  of  the  sim. 

Ill  Fig.  55  suppose  S  to  represent  the  sun,  the  large 
circle  to  represent  the  orbit  of  the  earth  around  it,  E  to 
be  some  ^Kisition  of  the  esirth,  and  the  dotted  circle  to  rep- 
resent the  orbit  uf  tlie  moon  around  the  earth.     We  must 

•  More  exactly.  37  32186*. 
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imagine  the  latter  to  carry  thia  circle  with  it  in  its  an- 
nual course  around  the  sun.  Suppose  that  when  the  earth 
is  at  E  the  moon  is  at  21.     Then  if  the  ejirth  move  to 

E^  in  -1'^  days,  the  moon 
will  have  made  a  complete 
revolution  relative  to  the 
stars — tliat  is,  it  will  Imj  at 
J/„  the  line  E^  J/,  being  par- 
allel to  EM.  But  new 
moon  will  not  have  arrived 
again  because  the  sun  is  not 
in  the  same  direction  as  l>e- 
fore.  The  moon  must  move 
through  the  additional  arc 
M^EM,,  and  a  little  more, 
owing  to  the  cuntlmial  ad- 
vance of  the  earth,  before  it 
will  agidii  be  nuw  mtton. 
Phases  of  the  Moon. — The  mnuii  being  :i  non-luminous 
body  shines  only  by  refle(!ting  the  light  falling  on  her 
from  some  other  body.  The  jirincipal  source  of  light  is 
the  sun.  Since  the  moon  is  Bplierical  in  shape,  the  snn 
can  iltumiuiitc  one  luilf  her  wurface.  Tlie  appearance  of 
the  moon  variea  aceonllng  tti  the  sunount  of  her  illumi- 
nated hcmisjihere  wliich  is  turned  toward  the  earth,  hs 
t!an  \xi  seen  by  fitndying  Fig.  5(i.  Ili-re  the  central 
glolto  is  the  cjirtb  ;  tiieeirele  around  it  represents  the  url>it 
of  the  moon.  The  rays  of  the  sun  fall  on  both  earth  and 
moon  from  the  right,  the  <listanee  of  the  sun  being,  on  the 
scale  of  the  ligure,  some  30  feet.  Eight  positions  of  the 
moon  are  shown  around  tlie  orbit  at  A,  E,  C,  etc.,  and 
the  right-Iiand  hemisplierL^  of  tbe  moon  is  illuminated  in 
each  position.  Out.side  these  eight  positions  are  eiglit 
others  showing  how  the  moon  looks  as  seen  from  the  earth 
in  each  position. 

At   A    it   is    "  new   moon,"    the   moon   licing   nearly 
between   the  earth   and   the  sun.     Its  dark  hemisphere 
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This  appearance  is  somctiines  called  the  **  old  moon  in 
the  new  moon's  arms." 

At  C  the  moon  is  said  to  be  in  her  "  first  quarter,"  and 
one  half  her  illuminated  hemisphere  is  visible. 

At  G  three  fourths  of  the  illuminated  hemisphere  is 
visible,  and  at  B  the  whole  of  it.  The  latter  position,  when 
the  moon  is  opposite  the  sun,  is  called  "  full  moon." 

After  tin's,  at  /T,  D,  F,  the  same  appearances  are  re- 
peateil  in  the  reversed  order,  the  position  D  being  called 
the  "  last  quarter." 
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The  four  principal  phases  of  the  moon  are,  "  New 
moon,"  "  Firet  quarter,"  "  Full  moon,"  "Last  quarter," 
which  occur  in  regular  and  unending  succession,  at  inter- 
vals of  between  7  and  8  days. 


§2.    THB   SUIT'S  DISTTTBBINO   FORCE. 

Tlie  distances  of  the  sun  and  planets  being  so  immensely 
great  compared  with  that  of  the  moon,  their  attraction 
uj»on  tlie  earth  and  the  moon  is  at  all  times  very  nearly 
equal.  Now  it  is  an  elementary  principle  of  mechanics 
that  if  two  bodies  are  acted  upon  by  equal  and  parallel 
forces,  no  matter  how  great  these  forces  may  be,  tiie 
bodies  will  move  relatively  to  each  other  as  if  those  forces 
did  not  act  at  all,  thougli  of  course  the  absolute  motion  of 
each  will  be  different  from  what  it  otherwise  would  be. 
If  we  calculate  the  al>8olut«  attraction  of  the  sun  ujwn  the 
moon,  wo  shall  find  it  to  be  about  twice  as  great  as  that  of 
the  earth,  bcc-ause,  although  it  is  situated  at  400  times  the 
distance,  its  muss  is  alK>ut  330,000  times  as  great  as  that  of 
the  earth,  and  if  we  divide  this  mass  by  the  square  of  the 
distance  400  we  have  2  as  the  quotient. 

To  those  unacquainted  with  mechanics,  the  difSeulty 
often  suggests  itself  that  the  sun  ought  to  draw  the  moon 
away  from  tlie  earth  entirely.  But  we  are  to  remember 
that  the  sun  attracts  the  earth  in  the  same  way  that  it  at- 
tracts the  moon,  so  that  the  difference  between  the  sun's 
attraction  on  the  moon  and  on  the  earth  is  only  a  small 
fraction  of  the  attriiction  between  the  earth  and  the  moon.* 

As  a  consequence  of  these  forces,  the  moon  moves  around 
the  earth  nearly  as  if  neither  of  them  were  attracted  by 

*  In  this  comparison  of  tbo  attractive  forces  of  tlic  sun  upon  the 
moon  iind  upon  Ihc  earth,  the  render  will  rememlwr  tlmt  we  are  speak- 
ing not  of  the  ab»t)lule  force,  but  of  what  is  called  the  acrekrating  force, 
which  is  properly  Uie  ratio  of  the  ahsotute  forte  to  the  mass  of  the 
body  attracted.  The  earth  having  80  limes  the  moan  of  tlic  moon,  the 
sun  must  of  course  attract  it  with  80  times  the  alwnlule  force  in  order 
to  produce  tbe  some  motion,  or  the  same  accelerating  force. 
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the  8iin — that  is,  nearly  in  an  ellipse,  having  the  earth  in 
its  focns.  But  tliere  is  always  a  small  difference  between 
the  attractive  forces  of  the  sun  upon  the  moon  and  upon  the 
earth,  and  this  difference  constitutes  a  disturbing  force 
which  makes  the  moon  deviate  from  the  elliptic  orbit 
which  it  would  otherwise  describe,  and,  in  fact,  keeps  the 
ellipse  which  it  approximately  describes  in  a  state  of  con- 
stant change. 

A  more  precise  idea  of  the  manner  in  which  the  ran  disturbs  the 
motion  of  the  moon  around  the  earth  may  be  gathered  from 
Fig.  57.  Here  S  represents  the  sun,  and  the  circle  F  Q  .V  JV repre- 
sents the  orbit  of  the  moon.  First  suppose  the  moon  at  N,  the  posi- 
tion corresponding  to  new  moon.  Then  the  moon,  being  nearer  to 
the  sun  than  the  earth  is.  will  be  attracted  more  powerfully  by  it 
than  the  earth  is.  It  will  therefore  be  drown  away  from  the  earth, 
or  the  action  of  the  sun  will  tend  to  separate  the  two  bodies. 


Fi».  57. 

Next  suppose  the  moon  at  F  the  po.sition  corresponding  to  full 
moon.  Here  the  action  of  the  sun  iijmn  the  earth  will  be  more 
powerful  than  upon  the  nitmn,  ami  the  earth  will  in  constiiuence  be 
drawn  away  from  the  moon.  In  this  f)osition  also  the  effect  of  the 
disturbing  force  is  to  separate  llie  two  bodies.  If,  on  the  other 
hand,  the  moon  is  near  the  first  quarter  or  near  Q,  the  sun  will  exert 
a  nearly  eijunl  attraction  on  both  bodies  ;  and  ince  the  tines  of  at- 
traction E  S  and  Q  >S  then  converge  toward  .S',  it  follows  that  there 
will  be  a  tendency  to  bring  the  two  bodies  togetlier.  The  same 
will  evidently  be  true  at  the  third  quarter.  Hence  the  influence  of 
the  disturbing  force  changes  back  and  forth  twice  in  the  course  of 
each  lunar  month. 

The  disturbmg  force  in  (|UC9tion  may  be  constructed  for  any  po- 
sition of  the  moon  in  its  orbit  iii  the  following  way,  which  is  be- 
lieved to  be  due  to  Mr.  R.  A.  PnocTon :  Let  M  be  the  jiositron  of 
the  moon  ;  let  us  represent  the  sun's  attraction  upon  it  by  the  line 
M  S,  and  let  us  investigate  what  tine  wilt  represent  the  sun's  attrac- 
tion upon  the  earth  on  the  same  scale.     From  M  dto^  \.Vi«  "^RtrytitL- 
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dicul&r  X  P  upon  the  line  E  8  joining  the  sun  to  the  earth.  Thia 
attraction  being  inversely  aa  tlie  square  of  the  distance,  we  shall 
have, 

Attraction  on  earth       BX* 

Attraction  on  moon      S  E*' 

We  have  taken  the  line  8  M  itaclf  to  represent  tlie  attraction  on 
the  moon,  so  that  we  haVo 

Attraction  on  moon  =  8M. 

Multiplying  the  two  eigiiations  member  by  member,  we  find, 


Attraction  on  earth  =  S  if  x 


SE' 


The  line  S  M  is  nearly  einml  to  S  P,  so  that  we  may  take  for  an 

approximutiun  ttj  the  rcijuircU  line, 


8  P'  SP' 

^^"sT'^^^^iSP+PE)- 


=  SPx 


\}-^8p) 


=  fl^(l-a~  +  etc.), 


the  last  equation  being   obtained   by  the    binomial   theorm.     But 

PE 
the  fraction  -r-p  is  so  small,  being  less  than  ^hii  ^^"^  '^  powers 

above  the  first  will  be  smull  enough  to  be  neglected.     So  we  shall 
have  for  the  re<juircd  line, 

SP-iBP. 

If,  therefore,  we  take  the  point  A  so  that  PA  shall  be  equal  to  2 
E  P,  the  iittraction  of  the  sun  ufioii  theeiirth  will  on  the  same  scale  be 
represented  by  the  line  .1  <V.  The  disturbing  force  which  we  seek 
is  represented  by  the  dilTerence  between  the  attraction  of  the  sun 
ujwu  the  earth  ami  that  of  the  same  body  upon  the  moon.  If  then 
we  su[i(»()se  the  force  -1  A'  to  be  applied  to  the  moon  in  the  opi)usite 
direction,  the  resultant  of  the  two  forces  il  .^  and  5  A  will  repre- 
sent the  disturbing  force  recjuired.  By  the  law  of  the  composition 
of  forces,  this  resultunt  is  represented  by  the  line  if  A. 

We  are  thus  enabled  to  construct  this  force  in  a  very  simple  man- 
ner, when  the  moon  is  in  any  piven  position.  When  the  moon  is 
Gt  Jf,  the  line  3^.4  will  be  eijual  to  2  f!if;  the  disturbing  force 
will  therefore  be  represented  by  twice  the  distance  of  the  moon. 
On  the  other  hand,  when  the  moon  is  nt  Q  the  three  points  E  AT 
and  A  will  nil  coincide.  Hence  the  disturbing  force  which  tends 
to  bring  the  moon  toward  the  earth  will  Ih»  represented  by  the  line 
Q.  E ;  hence  the  force  which  tend.')  to  draw  the  moon  away  from  the 
earth  at  new  and  full  moon  is  twice  as  great  as  that  which  druws 
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the  bodies  together  at  the  quarters.  Consequently,  upon  the  whole, 
the  tendency  of  the  sun's  attraction  is  to  diminish  the  attraction  of 
the  earth  upon  the  moon. 

§  8.    KOnON  OF  TH£  MOOITS  NODES. 

Among  the  changes  which  the  sun's  attraction  produces 
in  the  moon's  orbit,  that  which  mterests  us  most  is  the 
constant  variation  in  the  phine  of  the  orhit.  This  plane 
is  indicated  by  the  path  wliicli  the  moon  seems  to  describe 
in  its  circuit  aromid  the  celestial  spliere.  Simple  naked 
eye  estimates  of  the  moon's  position,  continued  during  a 
month,  would  show  that  lier  path  was  always  quite  near 
the  ecliptic,  because  it  would  l»e  evident  to  the  eye  that, 
like  the  sun,  she  was  much  fartlier  north  while  passing 
from  the  vernal  to  the  autumnal  equinox  than  while  de- 
s<Tibing  the  other  half  of  her  circuit  from  the  autuinual 
to  the  vernal  equinox.  It  would  be  seen  that,  like  the 
sun,  she  was  farthest  north  in  about  six  hours  of  right  as- 
cension, and  farthest  south  when  in  about  eighteen  hours 
of  right  ascension. 

To  map  out  the  path  with  greater  precision,  we  have  to 
observe  the  position  of  the  moon  from  night  to  night  with 
a  meridian  circle.  We  thus  lay  down  her  course  among 
the  stars  in  the  same  manner  that  we  have  fortncrly  shown 
it  pos.sible  to  lay  down  the  sun's  j>atli,  or  the  ecliptic.  It 
is  thus  found  tliat  the  patli  of  the  moon  may  In;  considered 
as  a  great  circle,  making  an  angle  of  5°  witli  the  ecliptic, 
and  crossing  the  ecliptic  at  this  small  angle  at  two  oppo- 
site points  of  the  heavens.  These  points  are  called  tlie 
moon's  vi/fleti.  The  point  at  which  she  passes  from  tiie 
south  to  the  nortli  of  the  ecliptic  is  called  the  a«cendin<j 
mtde ;  that  in  which  she  p:isscs  from  the  north  to  the 
south  is  the  dencendiny  nude.  To  illustrate  the  motion  of 
the  moon  near  the  node,  tlie  dotted  line  a  a  may  be  taken 
as  showing  the  path  of  the  moon,  while  the  circles  show 
her  position  at  successive  intervals  of  one  hour  as  she  is  ap- 
proaching her  ascendiiLg  node.  Position  number  9  is  exactly 
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at  the  node.     If   we 

continue  following  her 
couree  in  tliis  way  for 
a  week,  we  sliould  find 
that  Bhe  had  moved 
iiljout  !tO°,  and  attained 
licT  greatest  north  hiti- 
tude  at  5°  from  the 
ecliptic.  At  the  end 
of  another  week,  we 
should  tind  that  Bhe 
had  returned  to  the 
ecliptic  and  cr(M«od  it 
at  licr  descending  node. 
At  the  end  of  the  third 
week  very  nearly,  we 
fihouUl  find  that  she  had 
made  three  fourtlis  the 
circuit  of  the  heavena, 
and  was  now  in  her 
greatest  south  latitmlo, 
being  5°  south  of  the 
ecliptic.  At  the  end 
of  six  or  seven  days 
more,  we  should  again 
find  her  crossing  the 
ecliptic  at  her  ascend- 
ing node  as  before.  We 
may  tlius  conceive  of 
four  cardinal  point*  of 
the  moon's  orbit,  90" 
apart,  marked  hy  the 
two  nodes  and  the  two 
points  of  greatest  north 
and  south  latitude. 

Motion  of  the  Nodes. 
— A  remarkable  prop- 
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erty  of  these  points  is  that  they  are  not  fixed,  bnt  are  con- 
Btantly  moving.  The  general  motion  is  a  little  irregular, 
but,  leaving  out  small  irregularities,  it  is  constantly  toward 
the  west.  Thus  returning  to  our  watch  of  tlie  course  of 
the  nuton,  we  should  find  that,  ut  her  next  return  to  the 
ascending  node,  she  would  not  describe  the  line  a  a  as 
before,  but  the  line  }  h  about  one  fourth  of  a  diameter 
north  of  it.  She  would  therefore  reach  the  ecliptic  more 
than  li°  west  of  the  preceding  jvoint  of  crossing,  and  her 
other  cardinal  {»oiiits  would  be  found  1^"  farther  west  as 
she  went  around.  On  her  next  return  s!u'  would  describe 
the  line  cc,  then  the  line  (/</,  etc.,  indetinitely,  eaeli  line 
being  farther  toward  the  west.  The  figure  shows  the 
paths  in  iive  consecutive  returns  to  the  node. 

A  la]>se  of  nine  years  will  bring  the  descending  node 
around  to  the  place  which  was  before  occupied  by  the 
ascending  node,  and  thus  we  shall  have  the  moon  crossing 
at  a  small  inclination  toward  the  south,  as  shown  in  the 
tigurc. 

A  complete  revotntion  of  the  nodes  takes  place  in  IS -6 
years.  After  the  lapse  of  tliis  period,  the  motioii  is  re- 
peated in  the  Ktmc  manner. 

One  consequence  of  this  motion  is  that  the  moon,  after 
leaving  a  no<Je,  reaches  the  same  node  again  soimer  than 
she  completes  lier  true  circuit  in  the  heavctis.  IIow  much 
sooner  is  readily  computed  froui  the  fact  that  the  retro- 
grade nrotion  of  the  node  muounts  to  1°  2(i'  31'  during 
the  |>eriod  that  the  moon  is  returning  to  it.  It  takes  the 
moon  about  two  hours  and  a  half  (more  exactly  O''.  10944) 
to  move  through  this  distance ;  consequently,  comparing 
with  the  sidereal  perifid  already  given,  we  find  that  the 
return  of  the  moon  to  her  node  takes  place  in  27''.321(J(> 
—  0^.10944  =  27''.  21222.  This  time  will  be  hnportant  to 
U8  in  considering  the  recurrence  of  eclipses. 

In  Fig.  59  is  illustrated  the  effect  of  these  changes  in 
the  poeitiou  of  the  luoou's  orbit  upon  her  uiotion  rela* 
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E  here  represents  the  vernal  and 
A  tlte  autuninul  equinox,  gituatcd 
180°  apart.  In  March,  1876, 
the  moon's  ascending  node  cor- 
responded with  tlie  venial  equi- 
nox, and  her  descending  node 
with  t!ie  antumnal  one.  Conse- 
quently she  was  o°  north  of  the 
ecliptic  when  in  six  hours  of 
right  ascension  or  near  the  mid- 
dle of  the  figure.  Since  the 
ecliptic  is  23 J  °  nortli  of  the 
equator  at  this  point,  the  moon  at- 
tained a  maximum  declination  of 
28i°  ;  slie  therefore  passed  nearer 
tlie  zenith  when  in  six  hours 
.  of  right  ascension  than  at  any 
>  other  time  during  the  eighteen 
years'  period.  In  the  hmgiiage 
of  the  almanac,  "  the  moon  ran 
higli."  Of  course  when  at  her 
greatest  distance  soiitli  of  the 
equator,  in  the  other  half  of  Iier 
orbit,  she  attained  a  correspond- 
ing south  declination,  and  cul- 
minated at  a  lower  altitude  than 
she  had  for  eighteen  years.  In 
1885  the  nodt'8  will  change  places, 
and  the  orbit  will  deviate  from 
the  equator  less  than  at  any  other 
time  during  the  eighteen  years. 
In  1880  the  descending  node  will 
be  in  six  hours  of  right  ascension, 
and  the  greatest  angular  distance 
of  the  moon  from  the  equator 
will  be  nearly  equal  to  that  of  the  sun. 
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If  the  Sim  exerted  no  disturbing  force  on  tlie  moon,  tlie 
latter  would  move  ronnd  tlic  eiirth  in  an  ellipse  according 
to  Kepler's  hiws.  Bnt  the  difference  of  tlie  sun's  attnic- 
lion  on  the  earth  and  on  the  moon,  though  only  a  small 
fraction  of  the  earth's  attractive  force  on  the  mo<ju,  is  yet 
BO  great  afi  to  produce  deviations  from  the  elliptic  motion 
very  much  greater  than  occur  in  the  motions  of  the  planets. 
It  also  produces  rapid  changes  in  the  elliptic  orhit.  The 
most  remai'kable  of  these  cliangea  are  tlic  jirogressive 
motion  of  the  nodes  just  descrihed  and  a  corresponding 
motion  of  the  perigee.  Ileferring  to  Fig.  .52,  which  illus- 
trated the  elliptic  orbit  of  a  planet,  let  us  suppose  it  to 
represent  the  orbit  of  the  muon.  S  will  then  represent 
the  earth  instead  of  the  sun,  and  n  will  be  the  lunar />fr- 
igee,  or  the  ]Joint  of  the  orbit  nearest  tlie  eartli.  Bnt, 
instead  of  remaining  nearly  fixed,  as  do  the  orbits  of  the 
planets,  the  lunar  orbit  itself  may  be  considered  as  making 
a  revolution  ronnd  the  earth  in  aliout  nine  years,  in  the 
same  direction  as  the  moon  itself.  Hence  if  we  note  the 
longitude  of  the  moon's  perigee  at  any  time,  and  iigain 
two  or  tlirce  years  later,  Ave  shall  find  the  two  positions 
quite  different.  If  we  wait  four  years  and  a  half,  we  shall 
find  tlie  perigee  in  directly  the  oppcjsite  point  of  tlie 
heavens. 

The  eccentricity  of  the  moon's  orbit  is  abont  0.055,  and 
i  in  consequence  tlie  moon  is  about  6°  ahead  of  its  mean 
place  when  1)0"  past  the  perigee,  and  about  the  same  dis- 
tance behind  when  half  way  from  apogee  tu  perigee. 

The  disturbing  action  of  the  sun  produces  a  great  num- 
ber of  other  inequalities,  of  which  the  largest  are  the 
evection  and  the  variation.  The  fonncr  is  more  than  a 
degree,  and  the  latter  not  much  lees.  The  formulte  by 
which  they  are  expressed  belong  to  Celestial  Mechanics, 
and  the  reader  who  desii-es  to  study  them  is  referred  to 
vorks  on  that  subject. 
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§   6.    EOTATION  OP  THE  MOOW. 

The  moon  rotates  on  her  axis  in  the  saine  time  and  in 
the  same  direction  in  which  she  revolves  around  tlie  earth. 
In  ('onscfjiience  she  always  jiresciits  vei-y  nearly  the  same 
fiice  to  the  earth.*  Tliere  is  indeed  a  Minall  oscillation 
called  the  libration  of  the  moon,  arising  from  the  fact  that 
her  rotation  on  her  axis  is  unif<jnn,  while  her  revolution 
around  the  earth  is  not  uniform.  In  eonsc<jueuee  of 
this  wo  sometimes  sec  a  little  of  her  further  hemisphere 
first  on  one  side  and  then  on  the  other,  liut  the  greater 
part  of  this  lieinisphere  is  forever  hidden  from  human 
sight. 

The  axis  of  rotation  of  the  moon  is  imdiued  to  the 
eeliptic  ahout  1°  2tt'.  It  is  remarkaljle  that  this  axis 
cliiuiges  its  dii"ectiou  in  a  way  eorrespouding  exactly  to 
the  motion  of  the  nodes  of  the  moon's  orhit.  Let  lis  sup- 
pose a  line  piLssing  through  the  centre  of  the  earth  per- 
pendicular to  the  plane  of  the  moon's  orhit.  In  consc- 
queiiee  of  the  inclination  of  the  orhit  to  the  ecUptic,  this 
line  will  point  T)'^  from  the  pole  of  the  ecliptic.  Then, 
supjwse  another  line  parallel  ti>  the  moou's  axis  of  rot-a- 
tion.  This  lino  will  intei-seet  the  celestial  sphere  1°  29' 
from  the  pole  of  the  ecliptic,  and  on  the  opposite  side 
from  the  \m\c  of  the  moon's  orhit,  so  that  it  will  be  64° 
from  the  latter.  As  one  pole  revolves  around  the 
pole  of  the  ecliptic  in  18.6  years,  the  other  will  do  the 
same,  always  keeping  the  same  position  relative  to  the 
first. 


•  This  coDcliisinn  is  often  a  foru  asinorum  to  some  who  conceive 
that,  if  the  titiinc  fncc  of  Ihv  moan  in  alwuvs  pn-iictUcct  lo  Ihc  eartli,  she 
CHnnol  roUtIf  ut  nil.  TIr'  <lifflculty  uriiioi  from  u  iijisuiuli.TstaudiDg  of 
tlie  (iiffcrcnce  l)ctweeu  a  rclulive  and  an  alisolulu  rotiition.  It  is  Inic 
tluit  slie  do<!.s  not  rolntc  relatively  to  the  Uqc  dmwn  from  the  earth  to 
her  terilre.  hut  she  must  rotate  retulive  to  a  lixfd  line,  or  it  lino  drawa 
In  a  tlxed  btnr. 
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I  6.    THE  TIDES. 

Tho  ebb  and  flow  of  tbe  tides  iire  produced  by  the  un- 
equal attraction  of  tbe  sun  and  moon  on  dillorent  jwrts  of 
tlie  eartb,  arising  from  tlie  fact  that,  owing  to  tbe  magni- 
tude of  the  eartli,  soiau  |iarts  of  it  arc  nearer  tliesc  attracting 
bodies  than  others,  and  are  therefore  more  strongly  at- 
tracted. To  understand  tiio  natuiv  of  tbe  tide-producing 
force,  wc  nuiKt  recall  the  principlu  of  mechanics  already 
cited,  tliat  if  two  neigliboring  bodies  are  acted  on  by 
equal  and  parallel  accelerating  forces,  their  motion  rel- 
ative to  earli  <ithcr  will  not  be  altered,  because  both  will 
move  equally  under  the  infincnt^e  of  the  forces.  Wbcn 
tlie  forces  are  sligbtly  different,  either  in  nnignitude  or 
directiun  or  lK»th,  tbe  relative  motion  of  tbe  two  bodies 
will  depend  on  this  diffcii'nce  alone.  Since  tbe  sun  and 
moon  attract  those  parts  of  the  eartb  wbicb  are  nearest 
them  more  powerfully  than  those  which  are  remote,  there 
arises  an  inequality  wliich  produces  a  motion  in  the 
waters  of  tbe  ocean.  As  the  eartb  revolves  on  its  axis, 
different  parts  of  it  are  brought  in  in  succession  under  tbe 
moon.  Thus  a  motion  is  jiroduccd  in  the  ocean  wliich 
goes  through  its  rise  and  fall  according  to  the  apparent 
position  of  tbe  moon.     This  is  called  the  tidal  wave. 

The  tide-producing  force  o(  the  sun  ami  moon  is  so  nearly  like 
the  disturbing  force  of  the  sun  u])«m  lliu  motion  of  the  moon  around 
the  earth  that  nearly  the  same  explanation  will  apiily  '"  both.  Let 
ua  then  refer  again  to  Fig.  57,  and  suppose  A'  to  represent  the 
centre  of  the  eartli,  the  circle  F  Q  Jf  its  circumference,  .V  a  par- 
ticle of  water  on  the  earth's  surface,  and  *(  cither  the  sun  or  tho 
moon. 

The  entire  earth  being  rigid,  each  jiart  of  it  will  move  under  the 
influence  of  the  moon's  attraction  as  if  the  whule  were  concen- 
trated at  its  centre.  But  tlie  attraction  of  the  moon  upon  the 
particle  J/,  beinif  different  from  its  meiin  attraction  on  tiie  earth,  will 
tend  to  make  it'nujve  differently  from  the  earth.  The  furccr  which 
causes  this  difference  of  motion,  as  already  explnincd,  will  he  repre- 
sented by  the  Hue  MA.  It  is  true  that  this  sunn  disturbing  force  is 
acting  upon  that  jiortion  of  the  wilid  earth  at  M  an  well  an  upon  tlie 
«r«ter.     But  the  earth  cannot  yield  on  account  of  iLs  rigidily  ;  the 
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■water  therefore  tends  to  flow  along  the  cnrth'a  Burface  from  M 
toward  N.  There  ia  therefore  a  residual  force  tending  to  make  the 
water*higlii!r  at  N  than  at  M. 

If  we  suppose  the  particle  il  to  be  near  F,  then  the  point  A  will 
be  to  the  left  of  F.  The  water  will  therefore  bu  drawn  in  an  oppo- 
site direction  or  toward  F.  There  will  therefore  also  be  a  force 
tending  to  make  the  water  accumulate  tinmiid  F,  As  the  disturb- 
ing fnrioof  the  sun  tends  to  cause  the  earth  and  moon  toseprirate 
both  at  new  and  full  moon,  so  the  tidul  force  of  the  sun  and 
moon  upon  the  earth  lends  to  inuke  the  waters  aceuniulale  liolh  at 
-Wand  F.  .More  exnctly,  the  force  in  question  lends  to  draw  the 
earth  out  iiitii  Ww  form  uf  a  jirolrile  clliiisoid,  having  its  longest 
axis  in  the  direelion  <if  the  attraiting  bmly.  As  the  earth  rotatef 
on  its  axis,  eacli  jmrticlu  of  the  oiean  is,  in  the  course  of  a  day, 
brought  in  to  the  four  jmsition*  ,V  y  F  11,  or  Into  some  posilinns 
corresponding  to  thrse.  Thus,  the  tidf-prodiiring  force  ihanges 
back  and  forth  twice  in  the  course  of  a  luiirir  day.  (By  a  lunar  day 
we  niejui  the  interval  between  two  successive  jiiLwages  of  the  moon 
across  the  meridian,  which  Is,  on  theavenigi.'.  about  24''  4S"'. )  If  the 
waters  could  yield  immediately  to  this  force,  we  should  always  have 
high  tide  at  /'  and  JV  and  low  tides  ut  Q  and  11.  Hut  there  arc  two 
causes  which  prevent  this. 

1.  Owiagto  the  im-rfia  of  the  water,  the  force  mu.^t  act  some 
time  before  the  full  amnunt  of  motion  is  produced,  and  this  motion, 
once  attained,  will  continue  after  the  force  has  ceased  to  act. 
Again,  the  waters  will  continue  to  acoumulatc  as  h  ng  as  there  is 
any  motion  in  the  re(pilied  dircotion.  The  result  of  this  would  be 
high  tides  at  ^  and  li  and  low  tides  at  F  and  X,  if  the  ocean 
covered  the  earth  and  were  i>erfectly  free  to  move.  That  is,  high 
tides  would  Ificn  be  six  hours  after  the  moon  crossed  the  meridian. 

2.  The  j>riuei()al  cause,  however,  wliie'v  interferes  with  the 
regularity  of  the  motiuu  is  the  obstruction  of  islands  and  continents 
to  the  free  motion  of  tlu'  water.  These  detlc-ct  tlie  tiihil  wavf  from 
its  conrnc  in  so  many  dilTerent  way.H.  that  it  is  hardly  possible  to 
trace  the  relation  between  the  attraction  of  the  moon  and  the  mo- 
tion of  till-  tide  ;  the  time  of  high  and  low  tide  must  therefore  be 
found  by  observing  at  eai.h  point  along  the  coast.  By  coniiuiring 
these  times  through  a  series  of  years,  a  very  accurate  idea  of  the 
motion  of  the  tidal  wave  can  be  obtained. 

Such  observations  have  been  niiide  over  our  Atlantic  and  Pacific 
coasts  by  the  Coast  Survey  ami  over  most  of  the  coasts  of  Eurojie, 
by  the  countries  occupying  them.  Uufortnuately  the  tides  cannot 
be  observed  away  from  the  land,  and  hence  little  is  kuowu  of  the 
course  of  the  tidal  wave  over  the  occau. 


We  have  remarked  tliat  l»oth  the  siiii  and  moon  exert  a 
tide-prodiifing  force.  Tliut  nf  tlie  siiii  is  ahont  -f^  of  that 
of  tlic  iiiooii.  At  iiew  aiit!  full  iiiooii  tlie  two  forces  are 
united,  aud  the  actual   force  is  equal  to  their  suui.     At 
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first  and  last  quarter,  when  the  two  bodies  are  90°  apart, 
they  act  in  opposite  directions,  the  sun  tending  to  prodnce 
a  high  tide  where  the  moon  toiids  to  produce  a  low  one, 
and  vice  versa.  Tlie  result  of  this  is  tliut  near  the  tiitie  of 
new  and  full  moon  we  hiive  wliat  are  know^l  as  the  spring 
tides,  and  near  tlie  quarters  wliat  are  called  neap  tides.  If 
the  tides  M-ere  always  jirojiortional  to  the  force  which  pro- 
duces them,  the  spring  tides  would  be  highest  at  full 
m<H>n,  liut  tlie  tidal  wave  tends  to  go  on  for  some  time 
after  tlie  force  wliieh  pnidiiccs  it  ceases.  Ileueethe  high- 
est spring  tides  lU'o  not  reache<l  until  two  or  three  days  after 
new  and  full  moon.  Again,  owing  tu  the  effect  of  fric- 
tion, the  neap  tides  continue  to  be  less  and  less  for  two  or 
three  days  after  the  first  and  last  fjuarters,  when  the  gr.ul- 
ually  increasing  force  again  has  time  to  make  itself  felt. 

The  theory  of  the  tides  offers  very  complicated  prob- 
lems, which  have  taxed  the  powers  of  mnthematiciuns  for 
several  generations.  These  [irobleuLS  ai-e  in  their  elements 
less  simple  than  those  presented  by  the  motions  of  the 
planets,  owing  to  tlie  nntiiber  of  disturbing  circumstances 
which  enter  into  them.  The  various  depths  of  the  ocean 
at  different  points,  the  friction  of  the  water,  its  momen- 
tum wlicn  it  is  once  in  motion,  the  effect  of  the  coast-lines, 
have  all  to  be  taken  into  account.  These  quantities  are 
BO  far  from  being  exactly  known  that  the  theory  of  the 
tides  can  be  expressed  only  by  some  general  princii)le8 
which  do  not  suffice  to  enable  ns  to  predict  them  for  any 
given  place.  From  observation,  however,  it  is  easy  to 
fonstnu-t  tables  sliowing  exactly  what  tides  correspond  to 
given  positions  of  the  snn  and  moon  at  any  port  where  the 
ol«ervations  are  made.  With  such  tables  the  ebb  and  flow 
are  predicted  for  the  benefit  of  all  who  are  interested,  but 
the  results  may  be  a  little  uncertain  on  account  of  the 
effect  of  the  winds  upon  the  motion  of  the  water. 
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CHAPTER  VII. 

ECLIPSES  OF  THE  SUN  AND   MOON 

EcLiPSKs  are  a  clnss  of  plienomena  arisinjij  from  the 
eliadfiw  of  one  body  l)eiiip  cast  upon  anothei-,  or  from  a  dark 
body  passing  over  a  liriglit  one.  In  aii  eclipse  of  the  eun, 
llie  sludow  of  the  mitou  sweeps  over  the  cartti,  and  the 
sun  is  wliolly  or  partially  obscured  to  observers  on  that 
part  of  the  earth  where  the  shadow  falls.  In  an  eclipse  of 
the  moon,  the  latter  enters  the  shadow  of  the  earth,  and  is 
wliolly  or  partially  o!)seured  in  consequence  of  being  de- 
prived of  some  or  all  its  borrowed  light.  The  sitellites 
of  other  planets  are  from  time  to  time  eclipsed  in  the 
same  way  by  entering  the  shadows  of  their  primaries  ; 
among  these  the  sittellites  of  Jupiter  are  objects  whose 
eeliiwes  may  be  observed  with  great  regidarity. 

§  1.  THE  EABTH'S  SHADOW  AND  PEirUMBBA. 

In  Fig.  <lil  let  S  represent  the  snn  and  E  the  earth. 
Dr:iw  straight  hues,  D  B  Fand  D'  F'F,  each  bingent 
to  the  sun  and  the  earth.  The  two  bodies  being  supposed 
spherical,  these  lines  will  be  the  intersections  of  a  cone 
with  the  plane  of  the  paper,  and  may  be  taken  to  repre- 
»,^nt  that  cofie.  It  is  evident  tliat  the  cone  B  VB'  will 
he  tlie  outline  of  the  shadow  of  the  earth,  and  that  within 
this  c«iie  no  direct  sunlight  can  penetrate.  It  is  therefore 
culled  tlie  earth's  Hhtulaw  cone. 

Let  us  also  draw  the  lines  D'  B  P  and  D  B'  P"  Ut  rep- 
resent the  other  cono  tangent  to  the  buu  and  earth.     It  is 
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then  evident  that  within  the  retrion  V  B  I' :md  V B'  P' 
the  light  of  the  sun  will  be  partially  but  uot  entirely  cut 
oflE. 


PlO.  00.— FORM  OF  SHADOW. 

DimentioM  of  Shadoie.  —Let  ua  inrestiKiitc  the  tlistanco  E  Ffrom 
the  centre  of  the  earth  to  the  vertex  of  the  shudow.  Tlie  triangles 
V  E  B  and  V  8  I)  are  similar,  having  a  right  angle  ut  B  and  at  If. 
Ucnce, 

VE:  EB^VS-.SD-  ES:iSB-EB}. 
So  if  we  put 

l=V  E,  the  length  of  the  shadow  measured  from  the  centre  of 
the  earth. 
r  =  ES,  the  radius  vector  of  tho  earth, 
R  =  8I),  the  radius  of  the  sun, 
p=  E B,  the  radius  of  the  earth, 

S,  the  angular  scoii-diameter  of  the  gun  as  seen  from  the  earth, 
It,  the  horizontal  parallax  of  tho  sun, 

we  have 


1=  VE  = 


E8  X  EB  _    rp 
SD  —  EB~  R~p' 


But  by  tho  theory  of  parallaxes  (Chapter  I.,  5  7>, 


J2=rBia  8 


Hence, 


i  = 


sin  S  —  sin  n' 


The  mean  vahie  of  the  sun's  angular  semi-diameter,  from  which 
the  real  value  never  differs  by  more  than  the  sixtieth  part,  is  found 
t^obaervations  to  be  about  16'  0'  —  060',  while  the  mean  value  of  ir 


170 


ABTRONOttr. 


is  about  8'-8.    We  find  sin  ^!— »in  it  =  000401,  and  -^ — — 

sin  S—  t\a  r 

•j»irr  =  217.  We  therefore  conclude  thut  the  mean  icngth  of 
the  earth's  ithadow  i»  217  times  the  earth's  radius  ;  in  rouudi 
numbers  1,380.(M)0  kilometres,  or  WIU.OOO  miles,  tlie  mean  radius 
of  tlie  eurth  Ix-iii}^  037(1  kiiotnetre.s.  It  will  he  seen  from  the  tijrure 
that  it  varies  directly  ua  the  distance  of  tlu*  eiirtli  from  the 
sun  ;  it  is  therefore  about  one  sixtieth  less  thiin  the  mean  in  Decem- 
ber, and  one  sixtieth  jfreuter  in  June. 

The  nidius  of  the  shadow  diminishes  uniformly  with  the  distance 
as  we  go  outward  from  the  earth.     At  any  distance  i  from  the 

earth's  centre  it  will  be  ecjual  to  (  1  —  ^  \p.  for  this  formula  gives 

the  radius  p  when  ;  =  0,  and  tbe  diameter  zero  when  e  =  2  as  it 
should.* 


§  2.    ECLIPSES  OP  THE  MOON. 

The  mean  distance  of  tlie  moon  from  the  eartli  is  about 
60  i-ddii  of  tlie  littter,  wliile,  ii^  we  liave  jast  seen,  tlie 
lengt-h  E  F  of  tlieeartlrssliaiiowis  217  radii  of  the  earth. 
Hence  when  the  moon  passes  through  the  shadow  she  does 
80  at  a,  point  less  than  tlii-ee  tenths  of  the  way  from 
E  to  Y.  The  radius  of  the  shadow  here  will  be  *^VV^ 
of  the  radiufi  E  li  of  the  earth,  a  quantity  which  wo  read- 
ily find  to  he  about  -KJOO  kilurnetros.  The  radius  of  the 
moon  being  1730  kilometres,  it  will  be  entirely  enveloped 
by  the  shadow  when  it  passes  through  it  within  2864 
kilometres  of  the  a.\i8  E  Kof  the  shadow.  If  its  feast  dis- 
tance from  the  axis  exceed  this  amount,  a  iMjrtion  of  the 
lunar  gloho  will  be  outside  the  limits  J?  F  of  the  shadow 
cone,  and  will  tliereforc  receive  a  jwrtion  of  the  direct 
light  of  the  sun.  If  the  least  distance  of  the  centre  of  the 
moon  from  the  axis  of  the  shadow  is  greater  tlian  the 
sum  of  the  ratlii  of  the  moon  and  the  shadow— that  is, 
greater  than  GS.'ltS  kilometres— the  moon  will  not  enter  the 

•  It  will  be  noted  thai  this  expression  is  not,  rigorously  speaking,  the 
»emi  Jiiameter  of  the  ahiuiow,  but  the  sliorlest  distance  from  a  point  on 
its  ccutral  line  to  iU  conical  surface.  This  distau<i"  is  mrnsured  in  a 
flirection  H  li  perpendicular  to  D  D.  whereas  the  diameter  would  be 
periK-ndicular  to  thu  axis  H  E,  and  iU  half  leujjth  would  be  a  little 
greater  than  KB. 
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e&adow  at  all,  and  tLere  will  be  no' eclipse  proper,  though 
the  brilliancy  of  the  moon  must  1)e  diminished  wherever 
she  is  within  the  penumbral  region. 

When  an  eclipse  of  the  moon  occnre,  the  phases  are  laid 
down  in  the  almanac  in  the  following  manner  :  Supposing 
the  mo<jn  to  be  moving  aronnd  the  earth  from  below  up- 
ward, its  advancing  edge  lirst  nieets  tlie  Injundary  B'  I*' 
of  the  penumbra.  The  time  of  this  <x'currence  is  given  in 
the  almanac  as  that  of  "  moon  entering  peninnbra. "  A 
small  portion  of  the  sunUght  is  then  cut  uff  from  the  ad- 
vancing edge  of  the  moon,  and  this  amount  constantly  in- 
creases until  the  edge  reaches  the  boundary  Ji'  V  of  the 
shadow.  It  is  curious,  however,  that  the  eye  can  scarcely 
detect  any  diminution  in  the  brilliancy  of  the  moon  until 
she  has  almost  touched  the  iMiuiidary  of  the  shadow.  Tlie 
observer  must  not  therefore  expect  t'j  detect  the  coming 
eclipse  until  very  nearly  the  time  given  in  the  almanac  as 
that  of  "  moon  entering  uliailow. "  As  tliis  happens,  the 
advancing  portion  of  the  lunar  disk  will  be  entirely  lost  to 
view,  as  if  it  were  cut  off  by  a  rather  ill-deHneil  line.  It 
takes  the  nuwn  about  an  hour  to  move  over  a  distance 
equal  to  litT  own  diiimetor,  so  tliat  if  the  eclipse  is  nearly 
central  the  whole  moon  will  be  immci-sed  in  the  shadow 
about  an  hour  after  she  first  strikes  it.  This  is  the  time  of 
beginning  of  total  cclipfic.  So  long  iis  only  a  moderate 
portion  of  the  moon's  disk  is  in  the  shadow,  that  portion 
will  be  entirely  invisible,  lint  if  the  eclipse  becomes  total 
the  whole  disk  of  the  mcM>n  will  ncnrly  uhvays  be  plainly 
visible,  shining  with  u  red  coppery  light.  This  is  owing  to 
the  refraction  of  the  sun's  rays  by  the  lower  strata  of  the 
earth's  atmosphere.  We  shall  see  hereafter  that  if  a  ray  of 
light  TJ  B  ptisses  from  tho  sun  to  the  earth,  so  as  just  to 
graze  the  latter,  it  is  bent  by  refraction  more  than  a  de- 
gree out  of  it«  com-se,  so  tliat  at  the  distance  of  the  moon 
tlie  whole  shadow  is  fillcJ  with  this  refracted  light.  An 
observer  on  the  moon  wonhl,  during  a  total  eclipse  of  the 
latter,  see  the  earth  surrounded  by  a  ring  of  light,  and  this 
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ring  would  appear  red,  owing  to  the  absorption  of  the  blue 
and  green  rays  by  the  earth's  atmosphere,  jost  as  the  sun 
seeiiie  red  when  setting. 

The  moon  may  remain  enveloped  in  the  shadow  of  the 
earth  during  a  period  ranging  from  a  few  minutes  to  nearly 
two  hours,  according  to  the  distance  at  which  she  passes 
from  the  axis  of  the  shadow  and  the  velocity  of  her  angu- 
lar motion.  When  she  leaves  the  shadow,  the  phases 
wliioh  we  have  described  occur  in  reverse  order. 

It  very  often  happens  that  the  moon  passes  through  the 
jjenumbra  of  the  earth  without  touching  the  shadow  at  all. 
No  notice  is  taken  of  these  passages  in  our  almanacs,  be- 
cause, as  already  stated,  tlic  diminution  of  light  is  scarcely 
perceptible  unless  the  moou  at  least  grazes  the  edge  of  the 
shadow. 

§  3.    ECLIPSK8  OP  THE  SUN. 

In  Fig.  60  we  may  suppose  li  E B'  to  represent  the 
moon  as  well  as  the  earth.  The  geometrical  theory  of  the 
shadow  will  remain  the  s;ime,  though  the  length  of  the 
shadow  will  lie  much  less.  We  may  regard  the  mean  semi- 
diameter  of  the  sun  as  seen  from  the  moou,  and  its  mean 
distivnce,  as  being  tlie  same  for  the  moon  as  for  the  earth. 
Therefore,  iu  tlie  formula  which  gives  the  length  of  the 
moon's  shadow,  S  tniiy  ret^iin  the  same  value,  while  p  and 
T  must  be  diminished  in  the  ratio  of  the  moon's  radius  to 
that  of  the  earth.  The  denominator,  sin  S— sin  it,  will  be 
but  slightly  altered.  The  radius  of  the  moon  is  about  1736 
kilometres.  Multiplying  this  by  217,  as  before,  we  find 
the  mean  length  of  the  moon's  shadow  to  be  377,000 
kilotnetres.  This  is  nearly  equal  to  the  distance  of  the 
Hionn  from  the  earth  when  she  is  in  conjunction  with  the 
sun.  We  therefore  conclude  that  when  the  moon  passes 
betwiHin  the  earth  and  the  sun,  tlie  former  M'ill  be  very 
near  the  vertex  Fof  the  shadow.  As  a  matter  of  fact, 
aa  observer  on  the  earth^e  surface  will  eomctimes  pass 
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Aroagh  the  region   C  VC,  and  Bometimcs  on  the  other 
Bide  of  F. 

Now,  in  Fig.  60,  still  eupposing  B  E  B'  to  he  the 
moon,  let  us  dniw  tlio  lines  D  B'  P'  iitid  U  B  P  tan- 
gent to  hothtlie  itioon  and  the  sun,  hut  crossing  each  other 
between  tliese  bodies  at  i.  It  ig  evident  that  outside  the 
space  P  B  B'  P'  an  observer  will  see  the  whole  sun,  no 
part  of  the  uioon  being  projected  upon  it ;  while  within 
this  space  the  sun  will  be  more  or  less  obscured.  The 
whole  obscured  space  may  he  divided  into  three  regions,  in 
each  of  which  the  character  of  the  phenomenon  is  differ- 
ent from  wliat  it  is  in  the  others. 

Firstly,  we  have  the  region  B  V B'  forming  the  shadow 
cone  proper.  Here  the  sunhglit  is  entirely  cut  off  by  the 
moon,  and  durkness  is  therefore!  complete,  except  so  far  as 
light  may  enter  by  refraction  or  reflection.  To  an  observer 
at  V  tlie  moon  would  exactly  cover  the  sun,  the  two 
bodies  being  apparently  tangent  to  each  other  all  around. 

Secondly,  we  have  tho  conical  region  to  the  right  of  V 
between  the  lines  B  V  &xu\  B'  Y  continued.  In  this 
region  the  moon  is  seen  wholly  projected  upon  the  sun, 
the  visible  portion  of  the  latter  presenting  the  form  of  a 
ring  of  light  amund  the  moon.  This  ring  of  light  will  bo 
wider  in  pro]Jortion  to  the  appiircnt  diameter  of  the  sun, 
the  farther  out  we  go,  because  the  moon  will  appear 
smaller  than  the  sun,  and  its  angular  diameter  will  dimin- 
ish in  a  more  rapid  ratio  than  tliat  of  the  sun.  This 
region  is  that  of  amuilar  eclipse,  because  the  sun  will  pre- 
sent the  appearance  of  an  aonulua  or  ring  of  Ught  aromid 
the  moon. 

Thirdly,  we  have  the  region  P  B  Fand  P'  B'  F,  which 
we  notice  is  connected,  extending  around  the  interior  cone. 
An  ol>8erver  here  would  see  the  moon  partly  projected 
upon  tho  sun,  and  therefore  a  certain  part  of  the  sun's 
light  would  be  cut  off.  Along  the  inner  boundary  B  V 
and  B'  V  the  obscuration  of  the  sun  will  he  complete, 
but  the  amount  of  sunlight  will  gradually  increase  out  to 
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the  outer  boundary  B  P  B'  P",  where  the  whole  snn  is 
\n8iblc.  This  region  of  partial  obscuration  is  called  the 
paiumhra. 

To  show  more  clearly  tlic  phenomena  of  solar  eflijjse, 
we  present  another  iigxire  representing  the  penuiubra  of 


Pra.   fil. — FIGTTHK  OF  BHATJOW  FOR  AWirtTtAB    KCXn-WK. 

the  moon  thrown  upon  the  earth.*  The  outer  of  the  two 
circles 5  represents  the  limb  of  the  snn.  The  exterior  tan- 
gents wliich  mark  the  boundary  of  the  shadow  cross  each 
other  at  ^before  reaching  the  earth.  The  earth  being 
a  little  beyond  tlic  vertex  of  the  shadow,  there  can  be  no 
total  eclipse.  In  this  case  an  observer  in  the  penunibral 
region,  fJ  O  or  D  0,  will  sec  the  moon  partly  projected  on 
the  sun,  while  if  he  chance  to  l>c  situated  at  O  he  will  see 
an  annular  eclipse.  To  show  how  tliis  is,  we  draw  dotted 
lines  from  0  tangent  to  the  moon.  The  angle  between 
these  lines  represents  the  apparent  diameter  of  the  moon 
86  seen  from  the  earth.  Continuing  them  to  the  sun,  they 
show  the  apparent  diameter  of  the  moon  as  projected  upon 
the  sun.     It  mil  be  seen  that  in  the  case  supposed,  when 

♦  It  will  be  noted  that  all  the  licrurcs  of  eclipses  ore  necessarily  drawn 
very  mucb  out  of  proportion.  Itciilly  the  sun  is  400  times  the  distance 
of  the  moon,  which  a^itin  is  00  times  the  rudius  of  the  earth.  But  It 
would  \H!  entirely  iropossilile  to  draw  a  flj»ure  of  this  proportion  :  w« 
are  therefore  obli>fe<l  to  n^jireseat  the  earth  iis  larger  limn  the  sun,  and 
the  moon  aa  nearly  half  way  between  like  earth  and  aun. 


the  vertex  of  the  shadow  is  between  the  earth  and  moon, 
the  latter  will  necessarily  appear  snialler  than  the  sun,  and 
the  observer  will  see  a  portion  of  the  solar  disk  on  all 
sides  of  the  moon,  as  shonu  i»  Fig.  f)i2. 

If  the  moon  were  a  little  nearer  the  eartli  than  it  ia  rep- 
resented in  the  figure,  its  shadow  would  reach  tlje  earth 


FlO.  68. — ^DARK   BODY    OF   M(K»N  PROreCTED  ON  SDM  DnRIKO  AH 
ANNULAJl   BCLirSE. 


in  the  neighborhood  of  0,  Wc  should  then  liave  a  total 
eclipse  at  each  point  of  the  earth  on  which  it  fell.  It  will 
be  seen,  however,  tliat  a  tot^iil  or  annular  eclipse  of  the  sun 
visible  only  on  a  very  small  portion  of  the  earth's  sur- 
face, because  the  distance  of  the  moon  changes  so  little 
that  the  earth  can  never  be  far  from  the  vertex  V  of  tlie 
sliadow.  As  the  moon  moves  around  the  earth  from  we-st 
to  east,  its  shadow,  whether  the  eclipse  he  total  or  annu- 
lar, moves  in  the  same  direction.  The  diameter  of  the 
shadow  at  the  surface  of  the  earth  ranges  from  zero  to  150 
jniles.  It  therefore  sweeps  along  a  belt  of  the  earth's  sur- 
Iface  of  that  breadth,  in  the  same  direction  in  which  the 
earth  is  rotating.  The  velocity  of  the  moon  relative  to 
the  earth  being  3400  kilometres  per  hour,  the  shadow 
would  pass  along  with  this  velocity  if  the  earth  did  not  ro- 
bat  owing  to  the  earth's  rotation  the  velocity  rektive 
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to  points  on  its  mirface  may  range  from  2000  to  8400 
kilometres  (1200  to  21(K)  miles). 

The  reader  will  reatlily  understand  thiit  in  order  to  see 
a  total  eclipse  an  observer  mnst  station  himself  before- 
hand  at  some  point  of  the  earth's  sxirface  over  which  the 
shadow  is  to  pass.  These  jioints  are  generally  calculated 
some  years  in  advance,  in  the  astronomical  ephenierides, 
witli  as  much  precision  as  the  tables  of  the  celestial  mo- 
tions admit  of. 

It  will  be  seen  that  a  partial  eelipee  of  the  sun  may  be 
visible  from  a  much  larger  jwrtion  of  the  earth's  surface 
than  a  total  or  annnhir  one.  Thesjwee  CD  (Fig.  61)  over 
which  the  ])emimbra  extends  is  generally  of  about  one  half 
the  diameter  of  the  earth.  Roughly  sjteaking,  a  partial 
eclipse  of  the  sua  may  sweep  over  a  portion  of  the  earth's 
snrface  ranging  from  zero  to  perhap»i  one  lifth  or  one  si.\th 
of  the  whole. 

There  are  really  more  eclipses  of  the  snn  than  of  the 
moon.  A  year  never  passes  without  at  least  two  of  the 
fonner,  and  sometimes  live  or  six,  wliile  there  arc  rarely 
more  than  two  eclipses  of  the  moon,  and  in  many  years 
none  at  all.  But  at  any  one  place  more  eclipses  of  the  moon 
will  be  seen  than  of  the  sun.  The  reason  of  this  is  that 
an  eclipse  of  the  moon  is  visible  over  the  entire  hemi- 
sphere of  the  earth  on  which  the  moon  is  shining,  and  as  it 
lasts  several  hours,  observers  who  are  not  in  this  hemi- 
sphere at  the  lieginning  of  the  eclipse  may,  by  the  earth's  ro- 
tation, be  brought  into  it  before  it  ends.  Thus  the  eclipse  , 
will  be  seen  over  more  than  half  the  earth's  surface.  But, 
as  we  have  just  seen,  each  eclipse  of  the  sun  can  be  seen 
over  only  so  small  a  fraction  of  the  earth's  surface  as  to 
more  than  compensate  for  the  greater  absolute  frequency 
of  solar  ecli])ses. 

It  will  be  seen  that  in  order  to  have  either  a  total  or  an- 
nular eclipse  visible  upon  the  earth,  the  line  joining  the 
centres  of  the  sun  and  moon,  being  continued,  must 
strike  the  earth.     To  an  observer  on  this  line,  the  centre! 


I 


BECURRENCB  OF  B0LIPSB8. 


177 


1 


of  the  two  bodies  will  seem  to  coincide.  An  eclipse  in 
which  this  occurs  is  called  a  central  one,  whether  it  be 
total  or  annular.  The  accompanying  tigiiro  will  perhaps 
aid  in  giving  a  clear  idea  of  the  plienoinena  of  eclipses  of 
both  6un  and  moon. 


I 
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FlO.  G3. — COStPARIBON  OF  SHADOW  AND  PENTTTBRA  OF  EAKTH  AKD 
MOON.  A  IS  THE  I*0«rnON  of  the  moon  DUKUiU  A  B01,AR,  B  DUE- 
mo  A  LUMAR  ECLIF8B. 

g  4.    THS  BSCUBMENCE  OF  BCZiIPSES. 

If  the  orbit  of  tlio  moon  around  the  earth  were  in  or 
near  the  same  plane  with  that  <,)f  the  latter  around  the  mm 
— that  is,  in  or  near  the  plane  of  the  ecliptic — it  will  be 
readily  seen  that  there  would  he  an  eclipse  of  the  suti  at 
every  new  moon,  and  an  eclipse  of  the  moon  at  every 
full  moon.  But  owing  to  the  inclmation  of  the  moon's 
orbit,  described  in  the  last  chapter,  the  shadow  and 
penumbra  of  the  moon  commonly  pass  above  or  below  the 
earth  at  the  thiie  of  new  moon,  while  the  moon,  at  lier 
full,  commonly  passes  aliove  or  below  the  shadow  of  the 
earth.  It  is  only  when  at  the  moment  of  new  or  full  moon 
the  moon  is  near  its  node  that  an  eclipse  can  occur. 

The  question  now  arises,  liow  near  must  the  moon  he  to 
ita  node  in  order  that  an  eclipBO  may  occur  )  It  is  found 
by  a  trigonometrical  computation  that  if,  ut  the  moment 
of  new  moon,  the  moon  is  more  than  18°- G  from  its 
node,  no  eclipse  of  the  sun  is  possible,  while  if  it  is  IcBS 
than  13°  •  7  an  eclipse  is  certain.  Between  these  limits  an 
eclipse  may  occur  or  fail  ac(!ording  to  the  respective  <li8- 
tances  of  the  sun  and  moon  from  the  earth.  Half  way  Imj- 
tween  these  limits,  or  say  16°  from  the  node,  it  is  an  even 
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chance  that  an  eclipse  will  occur  ;  toward  the  lower  limit 
(13*" -7)  the  chances  increase  to  certainty;  toward  the 
nppcr  one  (18° -6)  they  diiniiuBh  to  zero.  The  correspond- 
ing limits  for  an  eclipse  of  the  moon  are  9°  and  12J° — that 
is,  if  at  the  moment  of  full  moon  the  distance  of  the 
moon  from  her  node  is  greater  than  13^°  no  eclipse  can 
occur,  while  if  the  distance  is  less  than  9°  an  eclipse  is  cer- 
tain. We  may  put  the  mean  limit  at  11°.  Since,  in  the 
long  nm,  new  and  full  moon  will  occur  equally  at  all  dis- 
tances from  the  node,  there  will  he,  on  the  avenige,  Bixteun 
eclipses  of  the  sun  to  eleven  of  the  luoou,  or  uearl  v  ii  fty  per 
cent  more. 


I 


Fio.  M.— UlDvtntiog  lonar  ccUpce  tt  dlffenmt  dl>l»nc««  fnnn  the  DOd«.  He  dmrk 
0lrc1c>4  mrc  tb«  earth's  shadow,  the  centre  of  which  is  always  in  the  ecliptic  AB,  The 
moon'e  orbit  la  represented  bjr  V  D.  At  O  the  eclipse  la  centra]  and  total,  at /"it  Is 
partial,  and  at  i?  there  is  bareljr  an  eclipse. 

As  an  illustration  of  these  coroputatioiu,  let  us  inreatigate  the  lim- 
its 'within  which  a  ccntrni  ec]i)>se  of  the  sun,  total  or  annular,  can 
occur.  To  allow  of  such  an  ecliiwe,  it  is  evident,  from  an  inspec- 
tion of  Fig.  61  or  t)3  that  the  actual  distance  of  the  moon  from 
the  plane  of  the  ecliptic  must  be  less  than  the  earth's  radius, 
becauso  the  line  Joininfrthe  centres  of  the  sun  and  earth  always  lies 
in  this  plane.  This  distance  must,  therefore,  be  less  than  6370  kilo- 
metrcii.  The  mean  distance  of  the  moon  being  384,000  kilometres, 
the  sine  of  the  latitude  at  this  limit  is  i^fH-tr,  and  the  latitude  itself 
is  57'.     The  formula  for  the  latitude  is,  Dy  spherical  trigonometry, 

sin  latitude  =  sin  i  sin  u, 

•  being  the  inclination  of  the  moon's  orbit  fS"  8'),  and  » the  distance 
of  the  mtHjn  from  the  node.  The  value  of  sin  i  is  not  far  from  ■^, 
while,  in  u  rough  calculation,  we  may  suppose  the  comparatively 
small  angles  u  and  the  latitude  to  be  tbo  same  as  their  sines.  W« 
mfty,  therefore,  suppose 

«  =  11  latitude  =  10)°. 
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We  therefore  conclude  that  if,  at  the  moment  of  new  moon,  tho 

(^distance  of  the  moon  fnitn  the  node  is  less  than  101"  there  will  be 

ft  central  fcli[»9e  of  the  sun,  uiul  if  greater  than  this  there  will  not  be 

•uch  an  ecli|R)e.     1'hc  ecligise  limit  may  raugi;  half  a  degree  or  more 

[  on  each  side  of  this  mean  value,  owing  to  the  varviiig  distance  of 

the  moon  from  the  earth.     Inside  of  10'  ii  central  ecUpse  may  be  re- 

i  garded  as  certain,  aad  outside  of  11'  as  impossible. 


If  the  direction  of  the  moon's  nodes  from  the  centre  of 
[the  earth  were  invariable,  eclipses  conld  occur  only  at  the 
two  opposite  months  of  the  year  when  the  sun  had  nearly 
the  same  longitude  as  one  node.  For  instance,  if  the  lon- 
gitudes of  the  two  op])osite  nodes  were  respectively  54" 
and  23-l-°,  then,  since  the  sun  must  be  within  12°  of  the 
node  to  allow  of  an  eclipse  of  the  moon,  its  longitude 
would  have  to  be  either  between  42°  and  60°,  or  between 
222°  and  246°.  But  the  sun  \b  within  the  first  of  these  re- 
gions only  in  the  month  of  May,  and  within  the  second  only 
during  the  month  of  November.  Ilcnce  lunar  eclipses 
I  could  tlien  occur  only  during  the  months  of  May  and  No- 
▼ember,  and  the  same  would  hold  tnic  of  central  eclipses 
I  of  the  sun.  Small  partial  eclipses  of  the  hitter  miglit  be 
seen  occasionally  a  day  or  two  from  the  beginnings  or  ends 
of  the  above  months,  but  they  would  be  very  small  and 
quite  rare.  Now,  the  nwles  of  the  moon's  orbit  were  act- 
ually in  the  abr>vc  directions  in  the  year  1S73.  Hence 
during  that  year  eclipses  occurred  only  in  May  and  No- 
vember. We  may  call  these  months  the  seasons  of  eclipses 
for  1873. 

But  it  was  explained  in  the  last  chapter  that  there  is  a 
retrograde  motion  of  the  moon's  nodes  amounting  to  19^° 
in  a  year.  The  nodes  thus  move  back  to  meet  the  sun  in 
its  annual  revolution,  and  this  meeting  occurs  about  20  days 
earlier  every  year  than  it  did  the  year  before.  The  re- 
sult is  that  the  sciison  of  eclipses  is  constantly  shifting,  so 
that  each  season  ranges  throughout  the  whole  year  in  18- 6 
years.  For  instance,  the  season  corresponding  to  that  of 
November,  1873,  had  moved  back  to  July  and  August  in 
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1878,  and  will  occur  in  May,  1882,  wliile  that  of  May, 
1873,  ■will  be  shifting  back  to  Novetnbur  in  1882. 

It  may  lie  iiitiresting  to  illustrate  this  by  giving  the 
(hiys  iti  which  the  sun  is  in  cotijunetioii  with  the  uod»36  of 
the  moon's  orbit  during  sevci-al  years. 


Asce 

mdlnB  Nodi-. 

Desccndisg  Node. 

1879. 

January  24. 

1879. 

July  17. 

1880. 

Jaruiury  6. 

1880. 

June  27. 

1880. 

December  IS. 

1881. 

June    8. 

1881. 

Nitvenibcr  30. 

1882, 

May  30. 

1882. 

November  12. 

1883. 

May    1. 

1883. 

October  25. 

1884. 

April  12. 

1884. 

October  8. 

1885. 

March  25, 

During  these  years,  eclipses  of  the  moon  can  occur  only 
within  11  or  12  days  of  tliese  dates,  and  eclipses  of  the 
sun  only  witliin  15  or  HI  days. 

In  consequence  of  the  motion  of  the  moon's  node,  three 
varying  angles  come  into  play  in  considering  the  occur- 
rence of  an  eclipse,  tlie  longitude  of  the  node,  tliat  of  the 
sun,  and  that  of  the  moon.  We  may,  however,  simplify 
the  matter  by  referring  the  directions  of  the  sun  and 
moon,  not  to  any  fixed  line,  but  to  the  node — that  is,  wu 
may  count  tlie  longitudes  of  these  bodies  from  the  nmlo 
instead  of  from  the  vernal  equinox.  We  have  seen  in  the 
last  chapter  that  one  revolution  of  the  moon  relatively  to 
the  node  is  accomplished,  on  the  averagiT,  in  27-21222 
days.  If  wc  calculate  the  time  rcf^uired  for  the  sim  to  re- 
turn to  the  node,  we  sh.all  find  it  to  be  34C-6201  days. 

Now,  let  us  Bupjwse  the  sun  and  moon  to  start  out 
together  from  a  node.  At  the  end  of  34fi  •  fi201  days  the 
sun,  having  apparently  pcrfonned  nearly  an  entire  rev- 
olution around  the  celestial  sphere,  will  again  be  at  the 
same  node,  which  has  moved  back  to  meet  it.  But  the 
moon  will  not  be  there.  It  will,  during  the  interval,  have 
passed  the  node  12  times,  and  the  Kith  piissage  will  not 
occur  for  a  week.     The  same  thing  will   be  true  for 
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18  eucceasivc  returns  of  the  snn  to  the  node ;  wc  shall 
not  find  the  moon  there  at  the  same  time  with  the  sun  ; 
she  will  always  have  passed  a  little  sooner  or  a  little  later. 
But  at  the  19th  retuni  of  the  sun  and  the  *242d  of  the 
moon,  the  two  bodies  will  he  in  conjunction  within  half 
ft  degree  of  the  node.  Wc  tind  from  the  preceding 
periotls  that 

242  returns  of  the  moon  to  the  node  require  6585  •  357  days. 
19       "         "      Bun     "         "        "  6585-780    " 

The  two  bodies  will  therefore  pass  the  node  within  10 
hours  of  each  other.  This  coMJmietioii  of  the  sun  and 
moon  will  be  the  223d  new  moon  after  that  from  which 
we  started.  Now,  one  lunation  (that  is,  tlie  interval 
between  two  consecutive  now  moons)  is,  in  the  mean, 
29-530588  days  ;  223  lunations  therefore  require  6585-32 
days.  Tlie  new  moon,  therefore,  occurs  a  little  before  the 
bodies  reach  the  node,  the  distance  from  the  latter  being 
that  over  which  the  moon  moves  in  O''  •  036,  or  the  sun  in 
0^-459.  Wc  readily  find  this  distance  to  be  28' of  are, 
somewhat  less  than  the  apparent  semidiameter  of  either 
body.  This  would  be  the  smallest  distance  from  either 
node  at  which  any  new  moon  would  occur  during  tlie 
whole  jxiriod.  The  next  nearest  approaches  would  have 
occurred  at  the  35th  and  47th  hmations  respectively. 
The  33th  new  moon  would  have  occurred  about  6°  V>efore 
the  two  bodies  arrived  at  the  node  from  which  we  started, 
and  the  47t]i  about  1|"  past  the  opjXisite  node.  No  other 
new  moon  would  occur  so  near  a  node  before  the  223d 
one,  which,  as  we  have  just  seen,  would  occur  0°  28' 
west  of  the  node.  This  period  of  223  new  moons,  or  18 
years  11  days,  was  called  the  Sarua  by  the  ancient  astron- 
omers. 


It  will  be  Been  that  in  the  preceding  calculation!)  wo  have  asaumcd 
the  Bun  and  moon  to  move  uniformly,  ho  that  the  successive  new 
mrKin'g  occurred  at  equal  iiiterviilH  of  29-530588  days,  and  at  equal 
togulur  distances  around  the  ecliptic.  In  fact,  however,  the  month- 
ly inequalities  in  the  motion  of  the  moon  cause  deviations  from  her 
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mean  motion  which  amount  to  six  dcCTees  in  either  direction,  while 
the  annual  inequality  in  the  motion  of  the  sun  in  longitude  is  nearly 
two  deprees.  C'onscqurntly,  our  conclusions  respecting  the  point  at 
which  new  moon  occurs  may  be  astray  by  eight  degrees,  owing  to 
these  inequalities. 

But  there  is  a  remarkable  feature  connected  with  the  Saros  which 

f really  reduces  these  inequalities.  It  is  that  thin  period  of  6585^ 
ays  corre8)Mtnila  very  nearly  to  an  intefjnil  number  of  revolutions 
both  of  the  earth  round  the  suu,  and  of  the  lunar  perigee  around 
the  earth.  Hence  the  inequalities  both  of  the  mt>on  and  of  the 
aun  will  be  nearly  the  same  at  the  beginning  and  the  end  of  a  Saros. 
In  fact,  tidSSJ  days  is  about  18  years  and  11  days,  in  which  time 
the  earth  will  have  made  IH  revolutions,  and  alxiut  11°  on  the 
19th  revoiiition.  The  longitude  of  the  sun  will  therefore  be  about 
11°  greater  than  at  the  beginning  of  the  jH'riod.  Again,  in  the 
same  period  the  mnon's  perigee  will  have  made  two  revolutions, 
and  will  have  advanced  13"  38'  on  the  third  revolution.  The  sun 
and  moon  being  11'  further  advanced  in  longitude,  the  conjunction 
will  fall  at  the  same  distance  from  the  lunar  ])erigee  within  two  or 
three  degrees.  Without  going  through  the  details  of  the  calcula- 
tion, we  may  say  as  the  result  of  this  remarkable  coincidence  that 
the  time  of  the  223d  lunation  will  not  generally  be  accelerated  or 
retarded  more  than  half  an  hour,  though  those  of  the  iiitermcdiBte 
lunations  will  sometimes  deviate  more  than  half  a  day.  Also  that 
the  distance  west  of  the  node  at  which  the  new  moon  occurs  will 
not  generally  diiler  from  its  mean  value,  2H  by  more  than  20'. 


In  the  preceding  explanation,  we  have  supposed  the  sun 
and  moon  to  start  out  together  from  one  of  the  nodes  of 
the  moon's  orbit.  It  is  evident,  liowevcr,  that  vre  might 
have  supposed  tliem  to  start  from  uiiy  given  distance  east 
or  west  of  the  node,  and  should  then  at  tlie  end  of  the  223d 
hmatiou  find  them  togetlier  again  at  nearly  that  distance 
from  the  node.  For  instance,  on  the  5tli  day  of  May, 
1864,  at  seven  o'clock  in  the  evening,  Washington  time, 
new  moon  occurred  with  the  sun  and  moon  2°  25'  west  of 
the  descending  node  of  the  moon's  orbit.  Counting  for- 
ward 223  lunations,  we  arrive  at  the  16th  day  of  May, 
1882,  when  we  find  the  new  moon  to  occur  3°  20'  west  of 
the  saiiH'  node.  Since  the  character  of  the  eclipse  depends 
principally  ufwju  the  relative  position  of  tlie  sun,  the  moon, 
and  the  node,  the  result  to  which  we  are  led  may  be  stated 
as  follows  : 

Let  us  note  the  time  of  the  middle  of  any  eclipse. 
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whether  of  the  sun  or  of  the  moon.  Then  let  us  go  for- 
ward 6585  days,  7  hours,  42  ininuleB,  ivnd  we  ehall  find 
anotlier  echpse  very  similar  to  the  first.  Reduced  to  years, 
the  interval  will  be  IS  yeai-s  and  10  or  11  days,  according 
ZB  a  29tli  day  of  February  intervenes  four  or  five  times 
during  the  interval.  Tliis  being  true  of  every  eclipse,  it 
follows  that  if  we  record  all  the  cctipi-ea  which  occur  dur- 
ing a  period  of  18  years,  we  shall  find  a  new  set  to  bogiu 
over  again.  If  the  period  were  an  integral  number  of 
days,  each  eclipse  of  tlio  new  set  would  be  visilile  in  tlie 
same  regions  of  the  eartli  jis  the  old  one,  but  since  there  is 
a  fraction  of  nearly  8  hours  over  (be  round  number  of 
days,  the  earth  will  be  one  third  of  a  revolution  furtiier 
advanced  before  any  eclipse  of  the  new  set  begins.  Each 
eclipse  of  the  new  set  will  tlierefore  occur  about  one  third 
of  the  way  round  tlic  world,  or  120°  in  longitude  west  of 
tlie  region  in  whicli  the  old  one  occurred.  The  recur- 
rence will  not  take  place  near  the  same  region  until  the  end 
of  three  j>eriods,  or  54  years  ;  and  then,  since  there  is  a 
slight  deviation  in  the  series,  owing  to  each  new  or  full 
uioon  occurring  a  little  further  west  from  the  node,  tJie 
fourth  eclipse,  though  near  the  same  region,  will  not 
necesearily  be  similar  in  all  its  particulars.  For  example, 
if  it  be  a  total  eclipse  of  the  suu,  the  path  of  the  shadow 
may  be  a  thousand  miles  distant  from  the  path  of  54  years 
previously. 

As  a  recent  example  of  the  Saros,  we  may  cite  some 
total  ecUpses  of  the  sun  well  known  in  recent  times  ;  for 
instance : 

1842,  July  Sth,  1''  a.m.,  total  ecHpse  observed  in 
Europe  ; 

1860,  July  18th,  9''  .\.m.,  total  echpse  in  America  and 
Spain  ; 

1878,  July  29th,  4"  p.m.,  one  visible  in  Texas,  Col- 
orado, and  on  the  coast  of  Alittka. 

A  yet  more  remarkable  series  of  total  eclijiecs  of  the 
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snn  are  those  of  the  years  1850, 1S68,  1886,  etc.,  the  dates 
and  regions  being : 

1850,  August  7th,  4''  p.m.,  in  the  Pacific  Ocean  ; 

1868,  August  17th,  12''  i'.m.,  in  ludia  ; 

1886,  August  29th,  8"  a.m.,  in  the  Central  Atlantic 
Ocean  and  Southern  Africa  ; 

iyo4,  Septeuihor  9th,  uooii,  in  Soutli  America, 

This  series  is  reinarl:able  for  tlie  lonj^  duration  of  total- 
ity, uuiounting  to  some  si.x  minutes. 

Let  us  now  consider  a  series  of  eclijjses  recurring  at  reg- 
ular intervals  of  IS  years  and  11  days.  Since  every  suc- 
cessive recurrence  of  such  an  wlijwo  throws  the  conjunc- 
tion 2S'  further  toward  the  west  of  tlio  node,  the  conjunc- 
tion must,  in  proccs.s  of  time,  take  place  so  far  hack  from 
the  node  that  no  eclii)se  will  occur,  and  the  series  will  end. 
For  the  same  reason  there  must  be  a  commencement  to 
the  series,  tlie  fir-st  eclipse  being  east  of  tlio  node.  A  new 
eclipse  thus  entering  will  at  lirst  be  a  very  small  one,  but 
will  be  larger  at  every  recurrence  in  ejich  Saros.  If  it  is 
an  eclipse  of  the  nu>on,  it  will  be  ti)t;d  from  its  13t]i  until 
its  36tb  recurrence.  There  will  then  be  about  13  partial 
eclipses,  eiich  of  which  will  be  smaller  than  tlie  last,  when 
they  will  fail  entirely,  the  conjunction  taking  place  so  far 
from  the  nodt:  that  the  moon  docs  not  touch  the  earth's 
shadow.  The  whole  interval  of  time  over  which  a  seriee 
of  lunar  eclijwes  thus  extend  will  be  about  48  periods,  or 
865  years. 

When  a  series  of  solar  eclijises  begins,  the  penumbra  of 
the  first  will  just  graze  the  CJirth  not  far  from  one  of  the 
poles.  There  will  then  be,  on  the  average,  11  or  12  partial 
eclipses  of  the  snn,  each  larger  than  the  preceding  one, 
occurring  at  regular  intervals  of  one  Saros,  Then  the 
central  line,  wliether  it  be  that  of  a  total  or  annular 
eclipse,  will  begin  to  touch  the  earth,  and  we  shall  have  a 
series  of  40  or  50  central  eclijwes.  The  central  line  will 
strike  near  one  pole  in  the  first  part  of  the  series  ;  in  the 
Cfpiatorial  regions  about  the  middle  of  the  series,  and  will 
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leave  the  earth  by  the  other  pole  at  the  end.  Ten  or 
twelve  partial  eclipses  will  follow,  and  this  particular  se- 
ries will  cease.  The  whole  number  in  the  series  will  aver- 
age between  60  and  70,  occupjring  a  few  centuries  over  a 
thousand  years. 


§  6.    CHABACT£RS    OF   ECIilFSES. 

We  have  seen  tliat  the  possibility  of  a  total  eclipse  of  the  sun 
arises  from  the  occasional  very  slight  excess  of  the  apparent  angular 
diameter  of  the  moon  over  that  of  the  sun.  Tlii.s  excps-s  is  so  slight 
that  such  an  eclipse  can  never  last  more  than  a  few  minutei.  It 
may  be  of  interest  to  point  out  the  circumstances  which  favor  a 
long  duration  of  totality.     These  are  : 

(1)  That  the  moon  should  be  as  near  as  possible  to  the  earth,  or, 
technically  speaking,  in  perigee,  because  its  angular  diameter  as 
seen  from  the  earth  will  then  be  greatest. 

(2)  That  the  sun  should  be  near  its  greatest  distance  from  the 
earth,  or  in  apogee,  heciiuse  then  its  angular  diameter  will  be  the 
least.  It  is  now  in  this  position  about  the  end  of  Juno  ;  hence  the 
most  favorable  time  for  a  total  eclipse  of  very  long  duration  is  in 
the  summer  montlis.  Since  tliu  moon  must  be  in  perigee  and  also 
between  the  earth  and  sun,  it  follows  that  the  longitude  of  the 
perigee  must  be  nearly  that  of  the  sun.  The  longitude  of  the  sun 
at  the  end  of  June  Ijeing  100',  this  is  the  most  favorable  longi- 
tude of  the  moon's  perigee. 

(3)  The  moon  must  be  verj'  near  the  node  in  order  that  the  cen- 
tre of  the  shadow  may  fall  near  the  equator.  The  reason  of  this  con- 
dition ia,  that  the  duration  of  a  total  eclipse  may  be  considerably 
increued  by  the  rotation  of  the  earth  on  its  axis.  Wc  have  seen 
that  the  shadow  sweiqw  over  the  earth  from  west  toward  ca.it  with  a 
velocity  of  about  3400  kilometres  per  hour.  Since  the  earth  rotates  in 
the  same  direction,  the  velocity  relative  to  the  obsifrver  on  the  earth's 
surface  will  be  diminished  by  a  quantity  depending  on  this  velocity 
of  rotation,  and  therefore  greater,  the  greater  the  velocity.  The 
Telocity  of  rotation  is  greatest  at  the  earth's  equator,  where  it 
amounts  to  1(160  kilometres  per  hour,  or  nearly  half  the  velocity  of 
the  moon's  shadow.  Hence  the  duration  of  a  total  eclipse  may,  with- 
in the  tropics,  Ije  nearly  doubled  by  the  earth's  rotation.  When  all 
the  favorable  circumstances  combine  in  the  way  we  have  just  de- 
scribed, the  duration  of  a  total  rTlipsc  within  the  tropics  will  b« 
about  seven  minutes  and  u  half.  In  our  latitude  the  maximum  du- 
ration will  be  somewhat  less,  or  not  fur  from  six  minutes,  but  it  is 
only  on  very  rare  occasions,  hardly  once  in  many  centuries,  that  alt 
these  favorable  conditions  can  be  expected  to  concur. 

Of  late  years,  solar  eclipses  have  derived  an  increased  in- 
terest from  the  fact  that  during  the  few  minutes  whioh 
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they  last  they  afford  unique  opportunities  for  investigating 
the  matter  which  lies  in  the  immediate  neigliborhood  of 
the  sun.  Under  ordinary  cirfUHistanoes,  this  matter  is 
rendered  entirely  invisible  by  the  clfulgenee  of  the  solar 
rays  wliich  illuuiinato  our  atmosphere  ;  but  when  a  Itodyso 
distant  jis  the  moon  is  interposed  between  the  oltrorvcr  and 
tlie  sun,  the  rays  of  the  latter  are  cut  off  from  a  region  a 
hundred  miles  or  more  in  extent.  Thus  an  amount  of 
darkness  in  tlie  air  is  seenred  which  is  impossible  under 
any  other  circumstances  when  the  sun  is  far  above  the 
horizon.  Still  this  darkness  is  by  nomeans  complete,  because 
the  sunlight  is  retleeted  from  the  region  on  which  the  sun 


is  shininjr.      An  idea  of  the  amount   of   darkness 


may 


be 


gained  by  considering  that  the  face  of  a  watch  can  be  read 
during  an  ce!i]i«e  if  the  observer  is  careful  to  shade  his 
eyes  from  tiie  direct  suidiglit  during  the  few  minutes  be- 
fore the  snn  is  entirely  covered  ;  tluit  stiu-s  of  the  first 
magnitude  can  be  seen  if  one  knows  where  to  look  for 
them  ;  and  that  all  the  prominent  features  of  tlie  land- 
scape remain  plainly  visible.  An  account  of  tlie  investi- 
gations made  during  solar  eclipses  belongs  to  the  physical 
constitution  of  the  sun,  and  will  therefore  be  given  in  a 
subsequetit  chapter. 

Occultation  of  Stars  by  the  Moon. — A  ])hcnomenon 
wbicli,  geometrically  considered,  is  analngiius  to  an  eclipse 
of  the  sun  is  the  occultation  of  a  star  by  the  moon. 
Since  all  the  bodies  of  the  solar  system  are  nearer  tlian  the 
fixed  stars,  it  is  evident  that  they  must  from  time  to  time 
pass  between  us  and  the  stars.  The  planets  are,  however, 
so  small  that  such  a  passage  is  of  very  rare  occurrence, 
and  when  it  does  hapix?n  the  star  is  generally  so  faint 
that  it  is  rendered  invisible  by  the  snjx^rior  light  of  the 
planet  before  the  latter  touches  it.  There  are  not  more 
than  one  or  two  instances  reconled  in  astronomy  of  a  wcll- 
autlienticated  observation  of  an  actual  occultation  of  a  star 
by  the  opafjuo  body  of  a  planet,  althovigh  there  are  several 
cases  in  which  a  planet  has  been  known  to  pass  over  a  star. 
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[But  the  moon  is  so  large  and  her  angular  motion  so  rapid, 
I  that  she  passes  over  some  star  visible  to  the  naked  eje 
I  every  few  days.  Such  phenomena  are  termed  ocmltalions 
of  stars  hy  the  moon.  It  must  not,  however,  be  supposed 
[that  they  can  be  observed  by  the  naked  eye.  In  general, 
[the  moon  is  so  bright  that  only  stars  of  the  first  magnitude 
tcan  be  seen  in  actual  contact  with  her  limb,  and  even  then 
jthe  contact  must  be  nnth  the  unillnminated  limb.  But 
[with  the  aid  of  a  telescope,  and  the  predictions  given  in 
I  the  Ephemeris,  two  or  three  of  these  occultatious  can  be 
lobeerved  during  nearly  every  lunation. 


CHAPTER  VIII. 

THE  EABTH. 

Odk  object  in  the  preaent  diapto-  ■  to  true  tlie  effects 
of  terrestrial  gravitation  and  to  atadT  the  dumges  to 
wliich  it  in  Hubject  in  various  places.  Since  every  part 
of  the  eartb  attracts  every  other  part  as  well  as  every 
object  apon  its  sarface,  it  follows  that  the  earth  and 
nil  flic  objects  that  we  consider  terrestrial  form  a  sort 
of  system  by  themselves,  the  parts  of  which  are  timily 
(MJimd  t<^>gcther  by  their  mntnal  attraction.  This  attrac- 
tion is  m  strong  that  it  is  found  impossible  to  project 
any  object  from  the  surface  of  the  earth  into  tlie  celestial 
H|)a(;««.  Every  particle  of  matter  now  belonging  to  the 
oartli  must,  so  far  as  we  can  see,  remain  upon  it  forever. 


f  1.    MASS  AITD  DKrrSITY  OF  TSB    EARTH. 

Wo  begin  by  some  definitions  and  some  principles  ro- 
n|ii<cling  nttraction,  masses,  weight,  etc. 

'I'lic  //(/M*  of  II  Inidy  may  be  defined  as  the  quantUy  of 
tiKit/cr  w/iic/i  it  contaijis. 

Thort)  nro  two  ways  to  measure  this  quantity  of  mat- 
ttT ;  (I)  Hy  the  nttraction  or  weight  of  the  body — this 
wt'ight  being,  in  fiwt.  the  mutual  force  of  attraction  be- 
IwtH'u  th*i  body  and  tln>  wirth  ;  (2)  By  tlie  inertia  of  the 
liiMly,  iir  the  auiinuil  of  fiir<«c  which  wc  must  apply  to  it  in 
onler  li>  iiiuke  it  move  with  u  definite  velocity.  Mathe- 
MiiitienUy,  then'  in  no  ifiwon  why  those  two  methods  should 
v»ct  thv  wi»m>   n-Mult,  but  by  experiment  it  is  found  tliat 
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le  attraction  of  all  bodies  is  proportional  to  tlieir  inertia. 
In  other  words,  all  V>o<lie6,  whatever  their  chemical  consti- 
tation,  fall  exactly  tlie  same  numlier  of  feet  in  one  second 
under  the  influence  of  gravity,  supposing  them  in  a  vacu- 
um and  at  the  same  place  on  the  earth's  surface.  Although 
the  ma«s  of  a  body  is  most  conveniently  detennined  by  its 
weight,  yet  mnes  and  weight  must  not  l>e  confounded. 

The  weight  of  a  body  is  the  apparent  force  with  which 
it  is  attracted  toward  the  centre  of  the  earth.  As  we 
shall  see  hereafter,  this  force  is  not  the  same  in  all  parts  of 
the  earth,  nor  at  different  heights  above  the  earth's  sur- 
face. It  is  therefore  a  variable  'piantity,  depending  upon 
the  position  of  the  body,  while  the  mass  of  the  body  is  re- 
garded as  something  inherent  in  it,  which  remains  constant 
wherever  the  WJy  may  be  taken,  even  if  it  is  carried 
through  the  celestial  spaces,  where  its  weight  would  be 
reduced  to  almost  nothing. 

Tlie  unit  of  mass  which  wc  may  adopt  is  arbitrary  ;  in 
fact,  in  different  cases  different  units  will  be  more  con- 
venient. Generally  the  most  convenient  >init  is  tiie  weight 
of  a  body  at  some  fixed  place  on  the  earth's  stirfacc — the 
city  of  Washington,  for  example.  Suppose  we  take  such 
a  portion  of  the  earth  as  will  weigh  one  kilogram  in  Wash- 
ington, we  may  then  consider  the  muss  of  that  particular 
lot  of  earth  or  rock  as  a  kilogram,  no  matter  to  what  part 
of  the  universe  wo  take  it.  SnpiJose  also  that  we  could 
bring  all  the  matter  composing  the  earth  to  the  city  of 
Wasliington,  one  kilogram  at  a  time,  for  the  purjiose  of 
weighing  it,  returning  each  kilogram  to  its  place  in  the 
earth  immediately  after  weighing,  so  that  there  should  be 
no  disttirbance  of  the  earth  itself.  The  sum  total  of  the 
weights  thus  foimd  would  Iwj  the  mass  of  the  earth,  and 
would  be  a  perfectly  definite  f|uantity,  admitting  of  being 
expressed  in  kilograms  or  pounds.  We  can  readily  cal- 
culate the  mass  of  a  volume  of  water  equal  to  that  of  the 
earth  because  we  know  the  magnitude  of  the  earth  in 
Hives,  and  the  mass  of  one  litre  of  water.     Dvvvd.\\\^\.W& 
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into  the  mass  of  the  earth,  supposing  ourselves  able  to  de- 
termine this  mass,  and  we  shall  have  tlie  specitic  gravity, 
or  what  is  more  properly  called  the  density  of  the  earth. 

What  we  have  supposed  for  the  earth  we  may  imagine 
for  any  heavenly  body — namely,  that  it  is  brought  to  the 
city  of  Washington  in  aiiiall  pieces,  and  there  weighed  one 
piece  at  a  time.  Thus  the  total  mass  of  the  earth  or  any 
heavenly  body  is  a  perfectly  detiued  ,and  determined 
quantity. 

It  may  be  remarlced  in  this  connection  that  our  unita  of 
weight,  the  pound,  the  kilogram,  etc.,  are  practically  units 
of  mass  nither  than  of  weight.  If  we  should  weigh  out 
a  pound  of  tea  in  the  latitude  of  Washington,  and  then 
take  it  to  the  equator,  it  would  really  l>e  less  heavy  at  the 
equator  than  in  Washington  ;  but  if  we  take  a  jwund 
weiglit  with  us,  that  also  would  be  lighter  at  the  equator, 
so  that  the  two  would  still  Lalaiice  each  other,  and  the  tea 
would  be  still  considered  as  weighing  one  pound.  Since 
things  are  actually  weighed  in  this  way  by  weights  which 
weigh  one  unit  at  some  definite  place,  say  Washington, 
and  which  are  carried  all  over  the  world  without  being 
changed,  it  follows  that  a  body  wJiich  hiis  any  given 
weight  in  one  place  will,  as  measured  in  this  way,  have 
the  Sixmc  apjtarent  weight  in  any  other  place,  although  its 
real  weight  will  vary.  But  if  a  spring  balance  or  any 
other  instrument  for  detenniuing  actual  weights  were 
adopted,  tlien  we  should  find  that  tlic  weight  of  the  same 
body  varied  as  we  took  it  from  one  part  of  the  earth  to 
another.  Since,  however,  we  do  not  use  this  sort  of  an 
instnimcnt  in  weighing,  Imt  pieces  of  metal  wliich  are 
carried  about  without  change,  it  follows  that  what  we  call 
units  of  weight  an?  properly  units  of  uulss. 

Density  of  the  Earth. — We  see  tliat  all  bfidies  around 
Ufitend  to  fall  toward  the  centre  of  the  earth.  According 
to  the  law  of  gravitation,  this  tendency  is  not  simply  a 
single  force  directed  towanl  the  centre  of  the  earth,  but 
is  the  resultant  of  an  infinity  of  separate  forces  arising  from 
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the  attractioDS  of  all  the  separate  parts  which  compose  the 
earth.  The  question  may  arise,  how  Jo  we  know  that  each 
particle  of  the  earth  attracts  a  stone  which  falls,  and  that 
the  whole  attraction  does  not  reside  in  the  centre  ?  The 
proofs  of  this  are  nuiucruus,  and  consist  rather  in  the 
exactitude  witli  which  the  theory  represents  a  great  mass 
of  disconnected  phenomena  than  in  any  one  principle  ad- 
mitting of  demoiistnition.  Perliujm,  however,  the  most 
conclusive  proof  is  found  in  tliu  ohservcd  fact  that  masses 
of  matter  at  the  surface  of  the  earth  do  really  attract  each 
other  as  required  l>y  the  law  of  Newthn.  It  is  found,  for 
example,  that  isolatwl  itmuiitains  attract  a  plumb-line  in 
their  neighborhood.  The  celebrated  e.vperiment  of  Cav- 
KNUisu  was  devised  for  the  purpose  of  measuring  the  at- 
traction of  glolies  of  lead.  The  object  of  nieasuring  this 
attraction,  however,  was  not  to  prove  that  gravitation  re- 
sided in  the  smallest  masse-s  of  matter,  because  there  was 
no  doubt  of  that,  but  to  deteniiiue  the  mean  density  of  the 
earth,  from  which  its  total  mass  may  be  derived  by  simply 
multiplying  the  density  by  the  volume. 

It  is  noteworthy  that  though  astronomy  affords  us  the 
means  of  determining  with  great  precision  the  relative 
maflses  of  the  eartli,  the  moon,  and  all  the  planets,  it  does 
not  enable  us  to  determine  the  absolute  mass  of  any  hea- 
venly body  in  units  of  the  weights  we  use  on  the  earth. 
We  know,  for  iiuitHinee,  from  astronomical  research,  that 
the  sun  has  about  328,000  times  the  mass  of  the  earth, 
and  the  moon  only  ^  of  this  mass,  but  to  know  the  abso- 
lute mass  of  cither  of  them  we  must  know  how  many 
kilograms  of  matter  the  earth  contains.  To  determine 
this,  we  must  know  the  mean  den.'^ity  uf  the  earth,  and  this 
is  something  about  which  direct  observation  can  give  ua  no 
information,  because  we  cannot  penetrate  more  than  an 
insignificant  distance  into  the  earth's  interior.  The  only 
way  to  determine  the  density  of  the  earth  is  to  find  how 
much  matter  it  must  contain  in  order  to  attract  bodies  on 
its  surface  with  a  force  equal  to  their  observed  weight — 
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that  is,  with  such  intensity  that  at  the  equator  a  body  shall 
fall  nearly  five  nietrt's  in  one  second.  To  find  this  we 
must  know  tlie  rchition  between  the  mass  of  a  body  and 
its  attractive  force.  This  relation  can  be  found  only  by 
measuring  the  sittraction  (if  a  bmly  of  known  mass.  An 
attempt  to  do  this  was  made  by  Maskelyne,  Astronomer 
Royal  of  England,  toward  the  close  of  the  last  century, 
the  attracting  object  lie  selected  being  Mt»nnt  Schehallien 
in  Scotland.  The  specific  gravity  of  the  rocks  com]x)8ing 
this  mountain  waa  well  enough  known  to  give  at  least  an 
approximate  result.  The  density  of  the  earth  thus  found 
was  4- 71.  Tliat  is,  the  earth  lias  4.71  times  the  mass  of 
an  equal  volume  of  water.  This  result  is,  however,  un- 
certain, owing  to  the  necessary  uncertainty  respecting  the 
density  of  the  mountain  and  the  rucks  below  it. 

The  Cavkniiish  exjjeriment  for  determining  the  attrac- 
tion of  a  ])air  of  massive  balls  affords  a  much  more  perfect 
method  of  determining  this  imjtortant  element.  The 
most  earefnl  experiment*  by  tin's  method  were  made  by 
l>Aii.Y  of  England  alxnit  the  year  1S45.  The  essential 
pai-ts  (if  the  apjiaratua  whieh  be  used  are  as  follows  : 

A  long  narrow  table  7'bearstwo  niii-ssive spheres  of  lead 
W  W,  one  at  each  end.  This  table  admits  of  being 
turned  aroiind  on  a  pivot  in  a  horizontal  direction. 
Above  it  is  snspended  a lialauce — that  is,  a  very  light  deal 
rod  e  with  a  weight  at  each  end  susjHinded  horizontally 
by  a  fine  silver  wire  or  filire  of  silk  F  fj.  The  weights  to 
bo  attracted  are  attached  tt)  each  end  of  the  deal  rod.  The 
right-hand  one  is  visible,  while  the  otlier  is  hidden  be- 
hind the  left-hand  weight  W.  In  this  position  it  will  be 
seen  that  the  attraction  of  the  weights  W  tends  to  turn 
the  balance  in  a  direction  opposite  that  of  the  hands  of  a 
watch.  The  fiict  is,  the  balance  begins  to  turn  in  this  di- 
rection, and  Iming  carried  by  its  own  momentum  beyond 
the  j)oint  of  equilibrium,  comes  to  rest  by  a  twist  of  the 
tliread.  It  is  then  carried  part  of  tlie  way  back  to  its 
original  position,  and  thus  makes  several  vibrations  which 
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require  eeveral  minutes.  At  length  it  comes  to  rest  in  a 
position  somewhat  different  from  its  original  one.  This 
position  and  the  times  of  vibrdition  are  ail  carefully  noted. 
Then  the  table  T  is  turned  nearly  end  for  end,  so  that  one 
weight  W  sliall  be  lietween  the  obser^'er  and  the  right- 
hand  ball,  while  the  other  weight  is  iMjyond  tlie  left-hand 
ball,  and  the  observation  is  repeated.  A  series  of  observa- 
tions made  in  this  way  include  attractions  In  alternate  di- 
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rections,  giving  a  result  from  which  accidental  errors  will 
be  very  nearly  eliminated. 

A  third  method  of  determining  the  density  of  the  eartli 
18  founded  on  observations  of  the  change  in  the  intensity 
of  gravity  as  we  descend  below  the  surface  into  deep 
mines.  The  principles  on  which  this  method  rests  will  be 
explained  presently.  The  most  careful  application  of  it 
was  made  by  Professor  Aiby  in  the  Uarton  Colliery,  £ng- 
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land.     The  results  of  this  and  tho  other  methods  are  as 
follows  : 

Cavendish  andlluTroN,  from  the  attraction  of  balls,  5-32 
Reich,  "  "  "        5-58 

lUiLY,  "  "  •'        5-66 

Maskklvne,  from  tlic  attraction  of  Schehallien 4-71 

AiKY,  from  gnivily  in  tho  llartou  Colliery 6-56 

Of  tliese  different  results,  that  of  Baily  is  probably  the 
best,  and  the  \n*Mt  j)roliable  mean  density  of  the  earth  is 
abont  5|  times  that  uf  water.  Tliis  is  more  than  double 
the  mean  sjieeilic  gravity  of  the  materials  wliieli  compjse 
the  surface  of  the  earth  ;  it  follows,  therefore,  that  the  in- 
ner ]>ortions  of  the  earth  are  much  more  dense  than  its 
outer  portions. 


{5  2.    LAWS  OP  TERRESTRIAL  GRAVITATION. 

The  earth  l)eing  very  nearly  sphorical,  certain  theorems 
res|H;ctinfj  the  attraction  of  sjiheres  may  be  applied  to  it. 
The  fundamental  theorems  niay  l>e  ref^arded  as  those 
wliieh  give  the  attraotitJii  of  a  spiierieal  shell  of  matter. 
The  demonstration  itf  tlit-se  theorems  reejuires  the  use  of 
tlie  Integral  Calculus,  and  will  be  omitted  here,  only  tho 
conditions  and  the  results  being  stilted.  \jct  us  then  im- 
:igine  a  hollow  shell  of  matter,  of  wliieli  the  internal  and 
external  surfaces  are  Ixjth  spheres,  attracting  any  other 
masses  of  matter,  a  small  particle  we  may  snpjinee.  This 
]>article  will  bu  attncted  by  every  particle  of  the  shell 
witli  a  force  inversely  :ls  the  «jnare  of  its  distance  from  it. 
The  total  attnujtion  of  the  shell  will  be  the  resultant  of 
this  infinity  of  separate  attractive  forces.  Determining 
this  resultant  by  the  Integnil  Calculus,  it  is  found  that : 

Theorem  I. — If  the  particle  be  mUvlde  the  nhell,  it  vriU 
he  attraeted  as  if  the  whole  vuiM  of  the  shell  were  con- 
emlrated  in  il^s  ventre. 

Theorem  I  J. — If  the  partiele  he  iiutUle  the  shell,  the  op- 
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potite  attractions  in  every  direction  will  neutralize  each 
other,  no  matter  whereabouts  in  the  interior  the  partide 
may  be,  and  t/ie  resultant  attraction  of  t/te  shell  will  there- 
yore  lie  zero. 

To  apply  tliis  to  tlic  attniption  of  a  solid  sphere,  let  us 
first  BUppoee  a  ixxly  either  outsidi;  Mie  splicrc  oronite  sur- 
face. If  we  c'ouceivo  the  sjdierc  aa  made  up  of  a  great 
nninl>cr  of  splierical  sheila,  the  attraetcd  p»iut  will  Ijc  ex- 
tenial  to  all  of  thuiii.  Sinee  each  shell  attracts  !1b  if  its 
whole  iiiafis'were  iti  the  eeiitre,  it 
follows  that  the  whole  sphere  at- 
tracts a  Iwdy  uiKHi  the  cmtHide  of 
itB  surface  as  if  its  entire  riia^ 
were  concentrated  at  its  centre. 

Let  us  now  suppfjse  the  attract- 
ed piirticle  inside  the  splierc,  as 
at  /',  F'\<f.  fifi,  and  iinaj^iue  ii 
spherical  surface  I'  Q  concentric 
with  the  sphere  and  passing 
tlirough    the    attracted    jiarticle.  ^°-  ^■ 

All  that  jMjrtion  of  tlie  sphere  lyin<;  outsitle  this  spherical 
surface  will  l>e  a  spherical  shell  liavinj,'  the  particle  iiisidc 
of  it,  and  will  therefore  exert  no  attraction  whatever  on 
the  particle.  That  portion  inside  the  surface  will  con- 
Rtitntc  a  sphere  with  the  particle  on  its  surface,  and  will 
therefore  attract  a«  if  all  this  [mrtion  wci*e  (•<m  cent  rated 
in  the  centre.  To  tiiul  what  this  :ittraction  will  he,  let  us 
first  suppose  the  whole  sphere  of  equal  density.  Let  ub 
put 

a,  the  radius  of  tlio  entire  splicre. 

r,  the  distince  /*  V  of  the  particle  f rotn  the  centre. 
The  total  volume  of  matter  inside  the  sphere   /*  Q  will 

4 
then  be,  by  geometry,  -  n  »•'.     Dividing  by  the  square  of 


the  distance 
seated  by 


r,  we  see  that  the  attraction  will  be  repre- 


nr; 
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that  is,  inside  tUe  sphere  the  attraetiou  \rill  be  directly  as 
the  distance  of  the  particle  from  tlie  centre.  If  the  par- 
ticle is  at  the  surface  we  have  r  =  a,  and  the  attraction  is 

4 

4 

Ont-fiido  tlio  siirfwc  the  wliolc  volume  of  the  sphere  ^  t  a' 

will  attract  the  partieli!,  and  the  attraction  will  be 

4       a' 

If  we  pnt  r  =  a  in  this  forniiila,  wo  filiall  have  the  same 
result  ii8  hefore  for  the  surface  nttniction. 

Let  us  next  suppose  that  the  density  of  tlic  sphere  va- 
ries from  its  centre  to  its  surface,  but  in  such  a  way  as  to 
be  equal  at  equal  distances  from  the  centre.  We  may 
then  conceive  of  it  as  fonned  of  an  infinity  of  concentric 
spherieal  shells,  each  honK)<?eneourt  in  density,  but  not  of 
the  same  dont>ity  with  the  others.  Theorems  I.  and  II. 
will  then  still  apply,  hut  their  result  will  not  be  the  same 
as  in  tlie  case  of  a  1  ion io<;'en eons  si>]iere  {or  a  particle  in- 
side tlie  sphere.     Referring  to  Fig.  Kt!,  let  us  put 

2?,  the  mean  density  of  the  shell  outside  the  particle  7*. 
D\  the  iiieau  density  of  the  portion  1^  Q  iusido  of  P. 
We  shall  then  have  : 

Vohnnc  of  the  shell,  5-  "■  («*  —  »')• 

o 

Voltnne  of  the  inner  sphere,  —  *r*, 

o 

4 

Mass  of  the  shell  =  vol.  x2>  =  5->ri>(a'  —  r*) 

4 


D- 


7ri>V. 


Maes  of  the  inner  sphere  =  vol.  „  .^  _ 
Maes  of  whole  sphere  =  sum  of  masses  of  shell  and  innei 
sphere  =  ^-n{^Da'-\-{D'  -  D) r']. 
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Attraction  of  the  whole  sphere  open  a  point  at  iU  Biir- 

Attraction  of  the  inner  sphere  (the  same  a&  that  of  the 

Mass       4 

whole  shell)  upon  a  point  at  P  =      .     =  ^  iriy  r. 

If,  aa  in  the  ease  of  the  earth,  the  densitv  continnallj  in- 
croaBea  toward  the  centre,  the  valae  of  D"  will  increase 
also  as  r  diminishes,  so  tliat  pravity  will  diminish  lesfl 
rapidly  than  in  the  case  of  a  hon'ogcneons  sphere,  and 
may,  in  fact,  actually  increase.  To  show  this,  let  us  sub- 
tract the  attraction  at  I'  from  that  al  tlie  surface.  The 
difference  will  give  : 

Diminution  at  /»=  It  (z) a +  (i>'  -  ZJ)  J  -  Z^r). 

Now,  let  U8  suppose  r  a  very  little  less  than  a,  and  put 

r  =  a  —d, 

d  will  then  be  the  depth  of  the  particle  below  the  surface. 
Cubing  this  value  of  r,  neglecting  the  higher  powers  of 
d,  and  dividing  by  a",  we  find, 


Substituting  in  the  above  equation,  the  diminution  of  grav- 
ity at  P  becomes, 

{SD-2D')d. 

"We  see  that  if  SD  <  2D',  that  is,  if  the  density  at  the 
surface  is  less  than  f  of  the  mean  density  of  the  whole  in- 
ner mass,  tliis  quantity  will  bctoine  negative,  showing  that 
the  force  of  gravity  will  be  less  at  the  surface  than  at  a 
small  depth  in  the  interior.  But  it  iniist  ultimately 
diminish,  because  it  is  necessarily  zero  at  tiio  cciita?. 
It  was  on  this  principle  that  Professor  Airy  dotcrminod 
the  density  of   the   earth   by  comparing  tlie  vibratioua 
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of  a  pendnlnm  at  tlie  bottom  of  tlie  Harton  Colliery,  and 
at  the  surface  of  tlie  earth  in  the  neighborhood.  At  the 
bottx:nn  of  the  mine  the  pcndulinii  giiined  about  2" -5  per 
day,  Bhowing  the  force  of  graWty  to  he  greater  than  at  the 

surface. 


§  8.    FIGURE  AND  MAGNITirDB    OP  THE  EABTH. 

If  the  cai-th  were  fluid  and  did  not  rotate  on  ita  axis,  it 
woidd  iu«unie  tlit^  fonn  of  a  perfect  sphere.  Tlie  opinion 
is  entertained  that  the  earth  waa  once  in  a  molten  state, 
and  that  this  is  the  origin  of  its  present  nearly  spherical 
form.  If  we  give  such  a  spliere  a  roUition  upon  ita  axis, 
the  centrifugal  force  at  the  equator  acts  in  a  direction  op- 
posed to  gi'avity,  and  thus  tends  to  enlarge  the  circle  of 
the  e<iuator.  It  is  found  hy  niatlieniatical  analysis  that 
the  form  of  sucli  a  revoking  fluid  sphere,  supposing  it  to 
be  perfectly  homogeneous,  w-ill  be  an  oblate  ellipsoid — that 
is,  all  the  meridians  will  be  equal  and  similar  ellipses,  hav- 
ing their  major  axes  in  the  equator  of  the  sphere  and  their 
minor  .ixes  coincident  with  the  axis  of  rotation,  Our  earth, 
however,  is  not  wholly  fluid,  and  the  solidity  of  its  conti- 
nents preveiiti^  itfl  as.<uming  the  form  it  would  take  if  the 
ocean  covered  its  entire  surface.  When  we  speak  of  the  fig- 
ure of  the  eartli,  we  mean,  not  the  outline  of  tlie  solid  and 
liquid  portions  respectively,  but  the  figure  which  it  would 
assume  if  its  entire  surface  were  an  ocean.  Let  us  imagine 
canals  dug  down  to  the  ocean  level  in  every  direction 
through  the  continents,  and  the  water  of  the  ocean  to  be 
admitted  into  them.  Then  tlie  curved  surface  touching 
the  water  in  all  these  canals,  and  coincident  with  the  sur- 
face of  the  oeeaji,  is  that  of  the  ideal  earth  considered  by 
astronomers.  By  the  figure  of  the  earth  is  meant  the 
figure  of  tliis  liquid  surface,  without  reference  to  the  in- 
equalities of  the  solid  surface. 

We  cannot  Buy  that  this  ideal  earth  is  a  perfect  ellipsoid, 
Itccauee  wo  know  that  the  interior  is  not  homogeneous, 
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bnt  all  the  geodetic  ineaeurce  heretofore  made  arc  so  nearly 
represented  by  the  liypothesis  of  an  ellipsoid  that  the  lat- 
ter is  considered  as  a  very  close  approximation  to  the  true 
tigure.  The  deviations  hithfrto  noticed  are  of  so  irregu- 
lar a  character  that  they  have  not  yet  lieen  reduced  to  any 
eertjiin  law.  The  largest  which  huve  been  oiiscrved  seem 
to  be  due  to  the  attraction  of  inuuntuins,  or  to  ine<inalitie8 
of  density  beneath  the  siirface. 

Method  of  Triangulation. — Since  it  is  practically  im- 
possible to  luciiHurc  around  <ir  tlirough  the  earth,  the  mag- 
nitude &&  well  as  the  form  of  our  planet  has  to  bo  found 
by  combining  measurement*  on  its  surface  with  autronom- 
icai  observations.  Even  a  nieiwiirement  on  the  earth's 
surface  made  in  the  usual  way  of  surveyors  would  be  im- 
practicable, owing  to  the  intervention  of  mountains,  rivere, 
forestji,  and  otiier  natural  olit^tacles.  The  method  of  tri- 
angulation is  therefore  universally  adopted  for  meaaui-e- 
ments  extending  over  large  wvb^.  A  triangulation  is  ex- 
ecuted in  the  following  way  ;  Two  jwiiits,  a  and  //,  a  few 


67.— A  FABT  OP  THK  FUKHCH  TBIAKOUI^TION  KEAB  PARIS. 


miles  apart,  are  selected  as  the  extremities  of  a  base-line. 
Tliey  must  bo  so  chosen  that  their  distance  apart  can  be 
accurately  measured  by  rods  ;  the  intervening  ground 
should  tlierefore  be  iis  level  and  free  from  olistniction  as 
possible.  One  cir  more  elevated  points,  EF,  etc.,  must 
be  visible  from  one  or  both  ends  of  the  baiio-line.     By 
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means  of  a  tlioodolitc  and  l)y  observution  of  tlic  pole-star, 
the  flirwtions  of  these  points  relative  to  the  meridian  arc 
aceunitely  observed  from  each  end  of  the  base,  as  is  also 
the  direction  a  h  of  the  biisc-linc  itself.  Supjxiee  J^  to 
be  a  point  visiljle  from  each  end  of  the  base,  then  in  the 
trinnj^le  ah Fyv<i  have  the  length  (i  h  deteniiinefl  by  sietual 
mciifiurenieiit,  and  tlte  aiiijlcH  at  a  and  ?j  determined  l>y  ob- 
servations. With  these  data  the  lenf^ths  of  the  sides  aj*" 
and  hJ^'avo  detennined  by  a  simple  trigonometrical  (com- 
putation. 

The  obfserver  then  transports  his  instmmonta  to  F',  and 
determines  in  succession  the  direction  of  the  elevated 
points  or  hilts  2?  ^' 6^  7/ ./j  etc.  He  next  goes  in  succcii- 
fiion  to  each  of  these  hills,  and  determines  the  direction  of 
all  tlie  nthei's  which  arc  visible  from  it.  Thus  a  network 
of  triangles  is  formed,  of  which  all  the  angles  are  ol)serve<l 
with  the  theotlolite,  while  tho  sides  arc  successively  calcu- 
latetl  trigonometrical ly  from  the  first  base.  For  instance, 
we  have  just  shown  how  the  side  a  J^  is  calculated  ;  this 
forms  a  base  for  tho  triangle  EFa,  the  two  remaining 
sides  of  which  are  computed.  The  side  EJ^  forms  the 
biise  of  tlie  triangle  G  K b\  the  sides  of  which  are  calcu- 
lated, etc.  In  this  oiwration  more  angles  are  obseivetl 
than  are  theoretically  necessary  to  calculate  tlio  triangles. 
Tills  suiphis  of  data  serves  to  insure  the  detection  of  any 
errors  in  tho  mcasurei*,  and  to  test  their  accuracy  by  tho 
agreement  of  their  results.  Accumulating  errors  are  fur- 
tlier  guarded  ag:iinst  by  measuring  additional  sides  from 
time  to  time  as  opjmrtnnity  oifers. 

Chains  of  trimigles  have  thus  been  measured  in  Russia 
from  the  Danube  to  the  Arctic  Ocean,  in  England  and 
France  from  the  Hebrides  to  Algiers,  in  this  country  down 
nearly  our  entire  Atlantic  coast  and  along  tho  great  lakes, 
and  through  shorter  distiincea  in  many  other  countries. 
An  cast  and  west  line  is  now  being  nm  by  the  Coast  Sur- 
vey from  the  Atlantic  to  tho  Pacitic  Ocean.  Indeed  it 
may  bo  expected  that  a  network  of  trianglee  will  be  gnd- 
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nally  extended  over  the  surface  of  every  civilized  country, 
in  order  to  construct  i)erfoct  maps  of  it. 

Suppose  that  we  take  two  stutioiis  situated  north 
and  south  of  each  othor,  detenniiitv  the  latitude  of  each, 
and  measure  the  diHtaiice  between  them.  It  is  evident  that 
l>y  dividiuf^  the  distsmce  in  kilouietres  hy  the  difference  of 
latitude  in  degrees,  wesliall  liave  tlie  leiigtli  of  one  dejfi*eo 
of  latitude.  Then  if  the  earth  were  a  sphere,  we  sJiould 
at  once  have  its  circuniference  hy  nMiItiplyiiiuj  tlie  length 
of  one  degree  hy  3t;n.  It  is  thus  found,  in  a  rough  way, 
that  the  length  of  a  ilegree  is  a  little  more  tlian  111  kilo- 
metres, or  l>etween  f!!*  and  7<t  Englisli  statute  miles.  Its 
circumference  is  therefore  ahuiit  40,00(1  kilonieti'es,  and 
its  diameter  l)etween  li,(M)()  and  13,000.* 

Owing  to  the  ellipticity  of  tlie  earth,  the  length  of  one 
degree  varies  witli  the  latitude  and  the  direetiou  in  which 
it  is  measured.  Tlie  next  step  iu  the  order  of  accuracy  is 
to  find  the  magnitude  and  the  fonn  of  the  eartli  from 
measures  of  long  arcs  of  latitude  (aiul  sometimes  of  longi- 
tude) made  in  ditlerent  regions,  especially  near  the  eijua- 
tor  and  in  high  latitudes.  Hut  we  sliall  still  find  that  dif- 
ferent comhiuations  (»f  uu-asures  give  slightly  different  re- 
sidts,  l)oth  for  the  tniiguitmle  and  the  ellipticity,  owing 
to  the  irregnlarities  in  tlie  direction  of  attraction  which  we 
have  already  descrilted.  Tlie  problem  is  therefore  to  find 
what  elli])s<»id  will  satisfy  the  measures  with  the  least  sum 
total  of  error.  New  and  more  accurate  solutions  will  bo 
reached  from  tiujo  to  time  as  geodetic  measures  are  extend- 
ed over  a  Avider  area.  Tlie  following  are  among  the  most 
recent  result*  hitherto  reached ;  Listing  of  Giittingen 
in  1878  found  the  earth's  polar  fiemidiametcr,6355  •  270  kilo- 


•  When  tli<*  metric  system  wius  orisinuUy  tlcsif^uwl  Ity  the  Froncli,  it 
WM  inlcndcd  tluil  tlm  kiloniclre  slioulil  In-  xofmo  *>f  l'"'  (iistaiico  from 
llic  pole  of  the  curtli  to  the  fi[iiiilor.  Thlx  wniilil  initkc  a  tlcprce  of  tlie 
meridian  e(|Util,  ou  tho  uverugi',  to  11  I.J  kilometres.  Rut,  owing  to  the 
prncticnl  diniruttic^  of  mmiMurin^  a  mrridiim  of  tli<-  earth,  tlie  corrc- 
spondeocc  with  the  metre  uctuaily  adopted  \»  not  exact. 
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metrefi  ;  earth's  equatoriiil  Boinidiameter,  6377-377  kilo- 
metres ;  earth's  compression,  jj'^-f  of  tlic  equatorial  di- 
ameter ;  earth's  eccontrieity  of  meridian,  0-08319.  An- 
other result  is  that  of  Captain  Clarkk  of  Enjjland,  who 
found  :  Polar  scuiidiamotcr,  f?3r>().4.'')<>  *  kilometres  ;  equa- 
torial semidianietcr,  CST'S-lOl  kiloirictres. 

Itwiu  once  supposed  that  the  meiisures  wereslif^htly  hot- 
ter represented  \\y  supposinj^  the  earth  to  he  an  ellipsoid 
with  three  unequal  axes,  the  ecjuator  itself  Itoing  an  ellipse 
of  whieh  the  hmgcst  diameter  was  oiH)  nietre,s  or  aliout 
one  tliird  of  a  mile,  longer  than  the  shortest.  Tliis  result 
was  ])rul)aljly  due  to  irre^nlarities  of  gravity  in  those  parta 
of  the  continents  over  whieh  tlie  geodetie  measures  have 
extended  and  is  now  ahandoncd. 

Gtoograpbic  and  Croocontric  Latitudes. — An  ohvious  re- 
sult of  the  clHptieity  of  the  earth  is  that  tiie  plnnib-line 


I 
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docs  not  point  toward  tlie  earth's  centre.  Let  Fig.  rtS 
represent  a  meridional  section  of  the  earth,  .A'^S  Iwing  the 
iixis  of  rotation,  EQ  the  plane  of  the  e(piator,  and  O  the 
position  of  the  observer.     The  line  7/ A*,  tangent  to  the 

*  Ciiplain  Clnrkc'B  n-milUi  are  given  in  fc-et,  the  polnr  nidiiis  being 
'.>O.K'>4.H05  fH'l.  In  cbunf^ing  to  mctrcfi,  Uic  logiiritlim  of  (lie  factor  baa 
bvuu  tuluin  iu*  U.484UU71. 
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earth  at  (},  will  then  represent  the  liomon  of  thu  observer, 
while  the  line  Z N\  ]>erjx!ii<lifiiliir  to  //  /i,  and  therefore 
normal  to  the  earth  at  C^,  will  lie  vertical  iw  determined 
by  the  pluinb-line.  The  angle  O  N'  Q,  or  Z  0  (/,  which 
the  ol»ervcr8  zenith  makes  with  the  e(|uator,  will  then  ho 
his  astrononiical  or  geogniphica!  latitude.  Thii*  is  the  lat- 
itude wliieh  in  practice  we  ncarlj  always  have  to  iiflc,  be- 
cause we  are  obliged  to  detennine  latitude  by  iwtrononiical 
observation,  and  not  by  inciisiireincut  from  the  equator. 
We  cannot  determine  the  direction  of  the  tnie  centre  C  of 
tlic  earth  by  direct  observation  of  any  kind,  but  only  that 
of  the  plumb-line,  or  of  the  perj>cndifular  to  a  Muid  sur- 
face. Z  O  Q'  is  therefore  the  iwtronomical  latitude.  If, 
however,  we  conceive  tlie  line  OOz  drawn  from  the  cen- 
tre of  the  earth  thmugh  O,  2  will  be  the  oliserver's  <jfo- 
cerUric  zenith,  whde  the  jingle  O  V  Q  will  Ijc  hia  (/ooren- 
tric  lalitudc.  It  will  be  olj«erved  that  it  m  the  geocentric 
and  not  the  geograjiltic  latitude  which  gives  the  true  posi- 
tion of  the  observer  relative  to  the  earth's  centre.  The 
diJfereuce  between  the  two  latitudes  is  the  angle  CON' 
or  Z  O  s;  this  is  called  the  <i(if/Ie  of  (he  rertirid.  It  is  zero 
at  the  poles  and  at  the  etjuator,  because  here  tlie  normals 
paea  tlirough  the  centre  of  the  ellipse,  and  it  attains  ita 
maximum  of  11'  3(»'  at  latitude  45"'.  It  wilt  be  seen  that 
the  geocentric  latitude  is  ulwayti  less  than  the  geogniphic. 
In  nortli  latitudes  the  geocentric  zeiu'tti  is  south  of  the  ap- 
parent zenith  and  in  southern  latitudes  north  of  it,  being 
nearer  the  equator  in  each  case. 


g  4.  CHANGE  OF  QBAVITY  WITH  THE  LATI- 
TUDE. 

If  the  earth  were  a  jicrfcct  sphere,  and  did  not  rotnte  on  its  axis,  tlio 
intcimity  of  gravity  would  1»e  the  flame  over  its  entire  surfiieo.  Thcro 
i»  a  slight  vuriution  from  two  caunes,  namely,  (1)  Thu  elliptic  form 
of  our  globe,  and  (2)  the  centrifugnl  force  gciiiTiiti'ii  hy  its  rotjition 
OD  ita  asis.  Strictly  speaking,  the  latter  is  nut  11  eliange  in  the 
fort«  of   gravity,   or  of    ihe  earth's   attraction,    hot  only  an 

ppareat  force  of  uuutlier  kind  acting  in  ojipo^itiun  to  gravity. 
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Tlic  intensity  of  gravity  is  measiired  by  the  velocity  which  a 
litnvy  Ijody  in  ti  vacuum  will  ittijiiire  in  ii  unit  of  tinii',  say  onu second. 
Either  10  metres  or  H2  foci  may  hv  rejjarded  a.H  a  rough  a|>|)roxiinii- 
tion  to  its  value.  There  are,  however,  so  many  practical  diflieul- 
ties  in  the  way  of  meiisuriag  with  precision  the  distance  a  body 
falli  in  one  second,  that  the  fori:c  of  gravity  is,  in  jtractice,  deter- j 
mined  indirectly  by  finding  the  length  of  the  second's  iK-ndulum. 
It  is  shown  in  mechanics  that  if  a  jjeudulum  of  length  L  vibrates 
in  u  time  T,  a  heavy  lji«ly  will  in  this  time  T  fall  through  the 
space  tt'  /.,  T  being  the  ratio  of  the  circumference  of  a  circle  to  its 
diameter.  (T  =  ;i.t4l,')9  .  .  .  w'  =  lt-8Ul)«04.)  Therefore,  to  tind  the 
force  of  gravity  we  have  only  to  determine  the  length  of  the 
second's  pendulum,  and  multiply  it  by  this  factor. 

The  detcriuinatton  of  the  mean  attractive  force  of  the  earth  is 
imporl^int  in  order  that  we  may  compute  its  action  on  the  moon 
and  other  heavenly  Ixjdics,  while  the  variations  of  this  attraction 
afTiinl  us  ibita  for  judging  of  the  variations  of  den.sity  in  the  earth's 
interior.  Sciciititie  ex)R'dition»  have  therefore  liiken  ]mins  to 
determine  the  length  of  the  .necond's  pendulum  at  inimerous  |ioints| 
on  the  gh)l>e.  To  do  this,  it  is  not  ueces-siiry  that  they  should] 
actually  meiusure  the  length  of  the  pendulum  at  all  the  places  they] 
visit.  They  have  only  to  carry  some  one  pendulum  of  a  very  solid 
construction  to  each  point  of  observation,  and  observe  how  many 
vibrations  it  makes  in  a  day.  Tlu'y  know  that  the  force  of  gravity 
is  pro])Orti(>nal  to  the  scpiare  of  the  number  of  vibrations.  Before 
and  after  the  voyage,  they  c<iunt  Ihe  vibrations  at  some  standard 
point — London  for  instauec.  Thus,  by  simply  sijuaringthe  number 
of  vibrations  and  comparing  the  stjuarcs,  they  have  the  ratio 
which  gravity  at  various  points  of  the  earth's  surface  bears  to 
gravity  ut  London.  It  is  then  only  necessary  to  determine  the 
absolute  intensity  of  gravity  at  London  to  infer  it  at  all  the 
other  ]H)ints  for  which  the  ratio  is  known.  From  a  great  number 
of  observations  of  this  kind,  it  is  found  that  the  length  of  the 
second's  jieudulura  in  latitude  ^  may  be  nearly  represented  by  the 
equation, 

2;  =  0--99099(l  +  0  00520 sinV). 

From  this,   the    force  of    gravity  ia   found   by   multiplying    by 
it'  =  9»69a,  giving  the  result : 

^  =  9'»  ■  7807  ( I  +  0  ■  00520  sin*  f ). 

These  formultE  show  that  the  ajipamit  force  of  gravity  incrcaaea 
by  a  little  more  than  yj,  of  its  whole  amount  from  the  equator  to 
the  pole3.  We  can  readily  calculate  how  much  of  the  diminution 
at  the  equator  is  due  to  the  centrifugal  force  of  the  earth's  rotation. 
Uy  the  fomiuhi:  of  mechanica,  the  ucntrifugai  force  is  given  by  the 
etiualion, 

,_4-r'r 
J  mi'* 
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T  bcinp  the  time  of  one  revolution,  and  r  the  radius  of  the  circle  of 
mtittiun.  Sup]M*sing  the  earth  a  s]>herc,  wliich  will  cause  no 
ini|>ortant  error  in  our  present  calculation,  the  dLitiiticu  of  ji  ))oint 
on  the  earth's  surface  iu  latitude  ^  from  the  oxLi  uf  rututiuu  of  the 
earth  is, 

r  =  a  cos  f , 

a  being  the  earth's  radius.  The  centrifugal  force  in  latitude  ^  is 
therefore 

.  _4fr'a  cosf 

J  y »  • 

But  this  force  docs  not  act  in  the  direction  normal  to  the  earth's 
surface,  but  ix^rjiemJicular  to  the  axis  of  the  earth,  which  direction 
makes  the  angle  ^  with  the  normal.  We  mny  therefore  resolve  the 
force  into  two  comiKjnents,  one,  ^. sin  *,  along  the  earth's  surface 
toward  the  equator,  the  other,/' cos  ^,  dovvnwartl  toward  its  centre. 
Tlie  first  com|x)nent  makes  the  earth  a  jirolatc  ellipsoid,  as  alremly 
shown,  while  the  second  acts  in  opposition  to  gravity.  The  ceu- 
trifugal  force,  therefore,  diminishes  gravity  by  the  amount, 


/cos^  = 


4  tt'  a  cos'  f 


T,  the  sidereal  day,  is  80,184  seconds  of  mean  time,  while  n,  for 
the  equator,  is  6,377,377  metres.  Substituting  in  this  expression, 
the  centrifugal  force  becomes 

/cos  ^  =  0-' •  03301  cos'  <p  =  0" -(J33'J1  (1  —  sinV), 

or  ut  the  equator  a  little  more  than  -,,',„  the  force  of  gravity.  The 
expression  for  the  apparent  force  of  gnivity  given  by  observation, 
which  we  have  already  found,  may  be  put  in  the  form, 

J-  =0--7807  +  0-.  05087  sin' ^. 

This  i»  the  true  force  of  gravity  diminished  by  the  centrifugal 
force  ;  therefore,  to  find  that  tnie  force  we  must  add  the  centri- 
fugal  force  to  it,  giving  the  result  : 

y  =  9*'-814e  H-O^OlBaflsin'^ 
=  J)-. 8140  (1  +  0-001728  .sin' «), 

for  the  real  attraction  of  the  spheroidal  earth  upon  a  body  on  its 
surface  in  latitude  ♦. 

It  will  be  interesting  to  compare  this  result  with  the  attnw-tion 
of  a  sjiheroid.  having  the  same  cllipticity  us  the  earth.  It  is  found 
by  infegrutifm  that  if  c,  supjxjsed  small,  Im-  the  eccentricity  of  a 
homogeneous  oblute  cllii)soid,  and  g,  its  attraction  n\w%\  a  bo<ly 
on  its  etiuator,  its  attructiou  at  latitude  f  will  be  given  by  tU« 
equation, 

^  =  ^.(1  +  jjj  *«»**> 
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In  the  Paso  of  the  earth,  e  =  0  0817  ;   iV«i'  =  00O0C07  ;   so  that 
the  cxpresaion  for  gravity  would  be, 

y  =  ffo  (1  +  0- 000887  sin'*). 

We  SCO  that  the  factor  of  sin'  «,  which  expresses  the  ratio  in 
which  ffriivity  at  tlic  ]k>1c8  exceeds  that  at  tlic  equator,  has  less  than 
.half  the  value  (  001780),  which  we  have  fmiuci  from  observation. 
Thia  cliiTcrencc  arises  from  the  fact  that  the  earth  is  not  homogene- 
ous, but  increases  in  (leii.sity  from  the  surface  toward  the  centre. 
To  see  how  this  result  follows,  let  us  first  inquire  how  the  earth, 
would  attract  bodies  where  its  surface  now  ia  if  its  whole  nuiss  ' 
were  concentrated  in  its  centre.  The  distance  of  the  equator 
from   the  centre  is   to  that  of  the  [lolcs  from  the  centre  us   1   to 

Vl  —  <•'.  Therefore,  in  the  case  BUjijiosed,  attraction  at  the  e<iuator  . 
would  be  to  attniction  at  the  poles  as  1 — »'  to  1.  Tliu  ratio  of  in- j 
crease  of  attraction  at  the  poles  is  therefore  in  this  extreme  com  J 
about  tcu  times  what  it  is  for  the  homofjencous  ellipsoid.  We  coikI 
elude,  therefore,  that  the  more  neiirly  the  earth  ajiproaelies  thiftl 
extreme  case — ttuit  is,  the  more  it  increa.ses  in  density  toward  the  ( 
centre — tlic  greater  will  be  the  Jillereuce  of  attractiou  ut  the  jioles 
and  the  equator. 


g   5.     MOTION    OP    THE    EARTH'S    AXIS,    OE    PHE- 
CESSION  OP  THE  EQUINOXES. 

Sidereal  and  Equinoctial  Year.^ — In  deBcril>iiig  tlic  up- 
[Kireiit  motion  of  the  sun,  two  ways  were-  eliowu  of  fiiid- 
\n^  tho  time  of  its  qipiirctit  revolution  aroniui  tlic  sphere 
- — in  otlicr  words,  of  ti.xinj^;  tliu  lunfjth  of  ii  year.  One  of 
tlicse  methods  consists  in  finding  tlie  iiitei-val  between  buc- 
L'L'ssivc  ]);is.siigc8  tlirougli  tliu  etpiinoxes,  or,  whieh  is  tho 
same  thing,  across  the  plane  t>f  the  ei|U!itor,  and  the  other 
\\y  finding  when  it  returns  to  the  sjiinc  position  among 
the  stars.  Two  thousand  years  ago,  llirr.vKcncs  found, 
hy  eomparing  his  own  ohserviitious  with  those  made  two 
centuries  hefore  hy  Timo^ilvkis,  that  these  two  methods 
of  fixing  the  length  of  the  year  did  not  give  the  winne 
rcsidt.  It  Iiad  previously  been  considered  that  the  Icngtii 
of  a  year  was  about  'Mb\  days,  and  in  attempting  to  eorrect 
tliis  period  by  conij)aring  his  ol>8crvcd  times  of  the  Bun's 
passing  the  e<iuinox  with  those  of  Timocharis,  IIippak- 
tiiiL's  found  that  it  required  a  diminution  of  seven  or  eight 
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miniitefl.  Tie  therefore  conclu'led  tliat  the  true  length  of 
the  efjuinoctial  year  was  3»i5  daye,  5  hours,  and  aliout  53 
minutes.  When,  however,  he  considered  the  return,  not 
to  the  equinox,  bnt  to  the  SHUie  position  rchitive  to  the 
bright  star  Spira  Vh'f/inix,  he  found  tliat  it  took  some 
minutes  more  than  8ft5f  days  to  complete  the  revolution. 
Thus  there  are  two  years  to  Itc  distinguished,  the  Irop'ural 
or  eqiiiiidciinl  year  and  tlie  sitlrriid  year.  Tlic  tii'st  is 
measured  by  the  time  of  the  earth's  return  to  the  equino.x  ; 
the  second  by  its  return  to  the  same  position  relative  to  the 
stars.  Although  tlie  sidereal  year  is  tlie  correct  a.stronom- 
ical  period  of  one  revolution  of  the  earth  around  the  sun, 
yet  the  equinoctial  year  is  the  one  to  he  used  in  civil  life, 
l>ecause  it  is  u]k>u  that  year  tbat  tlio  cliaiigc  of  seasons 
depends.  Modem  dctenuinations  show  the  resjicctive 
lengths  of  t!ic  two  yeare  to  l>e  : 

Sidereal  year,  3fi5''  fi"    9"    9' =  .SfiS-"  •  2r)r.3«. 

EqiiiiKK-tiid   year,  3r..5''  .'►"  4S"'  40^  =  3n.'»''-:24220. 

It  is  evident  from  this  difference  hctwcen  the  two  years 
that  the  position  of  the  equinox  among  the  stars  must  Ito 
changing,  and  must  move  ttiward  the  west,  because  the 
equinoctial  year  is  tlie  shorter.  Tliis  nuition  is  called  the 
prece8»lim  of  the  equiitoxeit,  and  amounts  to  about  5i)* 
per  year.  Tlie  equinox  lieiug  siiiqily  tlu;  jioint  iu  which 
tlie  equatof  and  the  ecliptic  intei-sect,  it  is  evident  that  it 
can  change  only  throngli  a  change  in  one  or  both  of  these 
circles.  Iln-i-AKcni  s  found  tliat  tlie  change  was  in  the 
equator,  and  not  in  the  ecliptic,  because  the  declinations  of 
the  stars  changed,  wliile  their  latitudes  did  not.*     Since 


•  To  (IcscrittG  the  theory  of  the  ancient  nstronomers  with  perfect 
rorrc'otness,  we  miglit  lo  .say  tliul  llicy  ron.siflered  Ihe  planes bolliuf  the 
cqiuitor  and  celiptU' tn  U'  inviirialilu  unj  lUe  motion  of  pn-ccssion  to 
be  due  to  a  slow  revolution  of  llie  wliolerele.sliiil  sphere  around  the 
pole  of  the  e<'liplic  as  ;in  axis.  Tlii.'i  would  proiluce  n  rhange  in  the 
position  of  Die  stars  relative  to  the  eiiunlor,  l>ut  not  relative  to  the 
ecliptic. 
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the  equator  is  defined  as  a  circle  everywhere  90°  distant 
from  tlie  pole,  and  since  it  is  moving  among  the  stare,  it 
follows  that  the  ]>ole  must  also  be  moving  among  the  stars. 
But  the  p<j1o  iw  nothing  more  tiiun  the  jKiint  in  whicli  the 
earth's  axis  of  rotation  intcrset'ts  the  celestial  sphere  :  it 
must  ho  rememhcrcd  too  that  the  position  of  this  pole  in 
the  celestial  6])here  depumiri  soluly  npun  the  </'ireeiian  of 
the  earth's  axis,  and  is  not  changed  hy  the  motion  of  the 
earth  arniiiid  the  sim,  heojiuse  tlio  8])lierc  is  considered  to 
he  of  iiitiiiito  ra<liu8.  Hence  j)rece8sion  shows  that  the 
direction  of  the  earth's  axis  is  coTitiinially  changing. 
Careful  obsi-rvalions  from  the  time  of  IIii'i'.\K(iirs  until 
now  shnw  that  the  cliaiige  in  (jucstion  consists  in  a  slow 
revolution  of  the  pole  of  the  earth  around  the  ])o]e  of  the 
ecliptic  as  projected  on  the  celw^tia!  sj»hcre.  The  rate  of 
motion  is  snch  that  the  revolution  will  l>e  complete<l  in 
between  2r),()(>0  and  '2r>,0()0  yeare.  At  the  end  of  this 
period  the  equinox  and  solstices  will  have  made  a  com- 
plete revolution  in  the  heavens. 

The  nature  of  this  motion  will  l)e  scon  more  clcnrly  by  referring 
to  Fiir.  4(1,  p.  10(1.  We  have  tliere  represcnfed  the  enrth  in  four 
[lositions  thiriiij;  its  aiiiuitil  revohition.  \Ve  hiive  rrpresentcd  the  axis 
as  inrlininfj  ti>  Ihc  riiiht  in  csch  of  these  j)ositioiis,  and  have  de- 
s<rib«'(l  it  lis  remaining  parallel  to  its<'lf  during  an  entire  revolution. 
Th(!  phenomena  of  precession  hIiow  that  this  is  not  nl>sohitely  true, 
hut  that,  in  reality,  the  dirwtimi  of  the  axis  is  slowly  rhnUj^ng, 
This  change  is  such  that,  after  the  lajise  of  some  0400  years,  the 
north  |M)le  of  the  earth,  ns  represented  in  the  figure,  will  not  in- 
cline to  the  right,  but  toward  the  ohserver,  tlie  amount  of  the  in- 
clination remaining  nearly  the  same.  Tlie  result  will  evidently  be 
a  shifting  of  the  seasons.  At /)  we  (-hall  have  the  winter  solKtioe, 
berausc  the  north  pole  will  be  inclined  toward  the  olwervcr  and 
therefore  from  the  sun,  while  at  A  wc  shall  have  the  vernal  equinox 
instead  of  the  winter  soUtiec,  and  so  on. 

In  6400  yeara  moro  the  north  pole  will  be  inclined  toward  the 
left,  and  the  sea.'tons  will  he  rcvemed.  Another  interval  of  the 
same  length,  and  the  north  pole  will  be  inelincd  from  the  observer, 
the  sca.sons  being  shifte<l  through  another  ([imiiriint.  Finally,  at 
the  end  of  about  25,800 years,  the  axis  will  have  resumed  its  original 
direction. 

Precession  thus  ari.scs  from  a  motion  of  the  earth  alone,  and 
not  of  the  heavenly  bodies.  Although  the  direction  of  the  earth's 
axis  changes,  yet  the  ]>uBitioD  of  this  axis  relative  to  the  crust  of 
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earth  remains  invariable.  Some  hnvn  siijiposer]  thnt  precession 
would  rebuilt  in  a  ehanfue  in  tlie  position  i\i  the  north  |m>Ii'  on  the 
surface  of  the  earth,  so  that  the  nfirl.heni  rcjjiotis  would  lie  fovered 
by  the  ocean  as  a  result  of  the  different  direetion  in  which  tlic 
ocean  would  be  carried  liy  the  rentrifuj^l  force  of  the  earth's  rota- 
tion. Thi.s,  however,  is  a  mistaki\  It  has  been  shown  by  a  mathe- 
matical investigation  Ihiit  the  position  of  the  poles,  and  therefore 
of  the  equator,  on  the  surface  of  the  eartli,  fan  not  ehanfje  except 
from  some  variation  in  the  arrangement  of  tlic  earth's  interior. 
Scientific  investigation  Iiils  yet  shown  nothing  to  indicate  any  prob- 
ability of  such  a  change. 

The  motion  of  precession  is  not  uuifoi-m,  hut  is  8ubjc<;t  to  several 
inetjuulities  which  are  called  NiiUttiun.  These  can  best  he  tinder- 
stood  in  connection  with  the  forces  which  )iroduce  precession. 

Cause  of  Precession,  etc. — Sir  Isaac  Newton  showed  that  pre- 
cession was  due  to  an  inei|Uftlity  in  the  attraction  of  the  sun  and 
moon  produced  by  the  spheroidal  (i{fure  of  the  earth.  If  the  earth 
wwre  a  perfect  homogcnuoua  sphere,  the  direction  of  its  axis  would 
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never  change  in  consequence  of  the  attraction  of  another  body. 
But  the  excess  of  matter  around  the  ctjuatorial  regions  of  the  earth 
is  attracted  by  the  sun  and  nuiim  in  such  a  way  a.s  to  cause  a  turn- 
ing force  which  tends  to  change  the  direction  of  the  axis  of  rota- 
tion. To  show  the  mode  of  action  of  this  force,  let  us  consider  the 
earth  us  a  sphere  encircled  by  a  birge  ring  of  matter  extending 
wound  its  ei|uator.  as  in  Fig.  OU.  SupjKisc  a  di.stant  attracting  body 
situated  in  the  direction  Cf,  po  that  the  lines  in  which  (he  p«irts  of 
the  ring  arc  attracted  are  Ait^  lih,  Ce,  etc.,  which  will  be  nearly 
parallel.  The  attractive  force  will  graduiiliy  diminish  from  .1  to 
Ji,  owing  to  the  greater  distance  of  the  latter  from  the  attracting 
l>ody.     Let  us  put  : 

r,  the  distance  of  tlie  centre  C  from  the  attracting  body, 
p,  the  radius  A  C  =  n  O  of  the  ec|uatorial  ring,  multiplied  l)y  the 
cosine  of  the  angle  A  Oc,  so  that  the  distance  of  A  from  the  attract- 
ing centre  is  r— />,  and  that  uf  fi  U  r  +  p. 
m,  the  moss  of  the  attracting  body  ; 
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The  ftccelerativo  attraction  exerted  at  the  three  point*  ^,  0,  B  will 
then  he 

(r-py'    ^'    (r+p)'- 

The  radius  ^i  being  very  small  comi>nred  with  r,  we  may  develop  the 

deiiominatorfl    of    the  first  and  third    fractions  in   powers  of    — 

l»y  the  binDminl  theorem,  and  neglect  all  powers  after  the  first. 
The  attractions  will  tlitn  be  approximately  : 


;j  ' 


The  forces  — ~  will  be  very  small  com{>ared  with  -j  on  account 

of  the  Bmallness  of  p. 

The  principal  force  —  will  cause  all  ports  of  the  body  to  fall 

eiiuftlly  toward  the  attracting  centre,  ond  will  therefore  cause  no 
rotation  in  the  body  and  no  change  in  the  direction  of  the  axis  JVA 
Supposing  thi>  body  ti>  revolve  around  the  centre  in  an  orbit,  wc 
may  conceive  this  attraction  to  be  couutcrbalanced  by  the  so-called 
ccntrifugid  force.* 

Subtracting  this  uniform  principal  force,  there  is  left  a  force  —j^ 

acting  on  A  in  the  direction  A  a,  and  nn  equal  force  acting  on  B\n 
the  opposite  direction  h  11.  It  ih  evident  that  these  two  forces  tend 
to  make  the  earth  rolati?  around  an  axis  iva-SNing  through  C  in  such 
a  direction  as  to  make  the  line  ('A  m  coincide  with  C  e,  and  that, 
if  no  ci»usomorlirte<l  the  action  of  these  forces,  the  earth  would  os- 
cillate buck  and  fortti  on  that  axis. 


I 


*  Wc  may  here  mention  a  very  common  misapprfhcnsion  respecting 
what  is  noinctitncs  called  ceolrifugiil  force,  and  is  supposed  to  be  a 
force  tending  to  make  a  IkmIv  (ly  away  from  the  centre.  It  is  soine- 
timca  said  that  the  body  will  tly  from  the  centre  when  the  ceutrifuKal 
force  exceeds  Uie  centripetal,  and  toward  it  In  the  opposite  case.  This  is 
a  mistake,  such  a  force  iia  this  having  no  existence.  The  so-called 
centrifugal  force  is  not  properly  a  centrifugal  force  at  all,  hut  only  the 
reaction  of  the  whirling  Iwdy  against  the  ccutrip»'tal  force,  which,  by  the 
third  law  of  motion,  is  equal  and  opjiosile  to  that  force.  When  a  stone 
is  whirled  in  a  filing  the  icnsiou  on  the  string  is  simply  the  force  nece«- 
sary  to  make  the  stone  coastjuitly  deviate  from  tlie  straight  line  in 
which  it  tends  to  move,  and  is  the  same  as  the  resistance  which  the 
stone  oilers  to  this  deviation  in  consequence  of  its  inertia.  So,  in  the 
case  of  the  planets,  the  centrifugal  force  is  only  the  resistance  offered 
by  the  inertia  of  the  planet  to  the  sun's  attraction.  If  the  sling  should 
break,  or  if  tlic  sun  should  ceiLse  to  attract  the  planet,  the  centripetAl 
and  centrifugal  forces  woiUd  both  cc<isc  instantly,  and  the  stone  or 
planet  would,  in  accordiuice  witJi  the  first  law  of  motion,  fly  forwanl 
m  the  straight  Hue  in  which  it  was  moving  al  the  moment. 


irUTATION. 


211 


But  «  modifying  r&usc  ia  found  in  the  rotation  of  the  earth  on  its 
own  axis,  which  prevents  any  change  in  the  angle  m  Ce,  Imt 
causes  a  very  slow  revolution  of  the  axis  N  S  around  the  perjwu- 
dicular  line  C  B,  which  motion  is  that  of  precession.* 

Nutation. — It  will  be  seen  that,  under  the  influence  of  the  grav- 
itation of  the  sun  and  moon,  precession  cannot  be  uniform.  At  the 
time  of  the  equinoxes  the  equator  A  B  of  the  earth  passes  through 
I  the  Bun,  and  the  latter  lies  in  the  lino  B  C  A  m,  so  that  the  small 
}  precessional  force  tending  to  displace  the  eipiator  must  then  vimish. 
This  force  increases  on  both  siiics  of  tlic  equinox,  iind  attains  a 
maximum  at  the  solstices  when  the  angle  m  C'c  is  231".  Hence  the 
precession  produced  by  the  sun  ttikeii  jilace  by  semi-annual  steps. 
One  of  these  steps,  however,  is  a  little  longer  than  the  other, 
because  the  earth  is  nearer  the  sun  in  December  than  in  June. 

Again,  we  have  seen  that  the  inclination  of  the  mrjon's  orbit  to 

the  equator  ranges  from  18 J*  to  28^'  in  a  period   of   18  0  years. 

r Since    the    precessional   force    dc|H!nds   on  this    incruintiou,    the 

[  tmount  of  precession  due  to  the  action  of  the  moon  has  ii  period 

equal  to  one  revolution  of  the  tnoon'a  node,  or  I8U  years.     These 

'  inequalities  in  the  motion  of  prcce.'wion  are  termc<l  iiitttilum. 

Changes  in  the  Right  AficenaionB  and  Declinations  of 
the  Stars. — Since  the  (Ifclinatlnn  of  n  heavenly  biuty  is  it.s  an- 
gular distance  from  the  ctftestiul  equator,  it  is  cviilent  that  any 
change  in  the  position  of  (he  equator  must  change  the  declinations 
of  the  fixed  stars.  Moreover,  since  right  asren.Hions  arc  counted 
from  the  position  of  the  vernal  equinox,  the  clniiige  in  the  jwsition 
of  this  eqiiinox  produced  by  precession  unrl  nutation  nnist  change 
the  right  awcensions  of  the  stars.  The  niotinn  of  the  etjuator  may 
be  represented  by  sup]Miaing  it  to  turn  .slowly  around  an  axis  lying 
in  its  plane,  and  pomting  to  C'  and  18'"  of  right  ascension.  All 
that  section  of  the  equator  lying  within  (t'"  of  the  vernal  ecjuinox 
(see  Fig.  4.5,  page  103)  ia  moving  toward  the  south  (downward  in 
the  figure),  while  the  ojvposite  section,  from  G''  to  18''  right  ascen- 
sion, IS  moving  north.  The  iimount  of  this  mutton  is  20"  annually. 
It  is  evident  that  this  motion  will  cause  both  equinoxes  to  shift 
toward  the  right,  and  the  geometrical  student  will  be  able  to  ace 
that  the  amount  of  the  ahift  will  be  : 

•The  rea.son  of  this  seeming  paradox  is  that  tlie  rotative  forces  actinff 
on  A  and  B  are  as  it  were  diKtrUmiat  liy  llie  diurnal  rotation  aroimu 
N8.  Suppose,  forexaniple,  that  A  receives  a  downwanlandBan  up- 
ward impulse,  so  that  they  liegin  to  move  in  tlic.se  directinna.  At  the 
end  of  twelve  hours  A  has  movetl  around  to  B,  so  that  its  downwanl 
motion  now  tends  to  increase  Iho  angle  m  C  ?.  and  the  upward  motion  of 
Blias  thesimie  eBc<'t.  If  wc  suppose  a  .s4.'ries  of  impulses,  a  dimiuvition 
of  the  uicliualion  will  be  pr(Mhicc«(l  ihiriuK  tlie  first  13  hours,  but  after 
that  the  effect  of  each  impulse  will  Ix'  cnuntcrlmlanciMl  by  that  of  12 
hours  before,  ao  that  no  further  (limiuullun  will  take  place;  but 
every  impidse  will  procbuea  .sudden  piTmanenl  change  in  the  direction 
of  the  axis  iV  S.  the  end  .V  moving  toward  and  S  from  the  observer. 

Tills  same  law  of  rotal  Ion  is  exempUfled  in  the  CTro.scope  and  the 
child's  lop,  each  of  which  are  kept  erect  by  llie  rotation,  though  grav- 
ity tends  to  make  them  fall. 
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On  the  equator,  20"  cot  o ;  • 

On  the  ecliptic,  20'  cosec  o  ; 
u  being  the  obliquity  of  the  ecliptic  (23"  37|')-  ^b  consequence, 
the  right  ascensions  of  stars  near  the  equator  are  constantly  increas- 
ing by  about  46"  or  arc,  or  3*,07  of  time  annually.  Away  from 
the  equator  the  increase  will  vary  in  amount,  because,  owing  to  the 
motion  of  the  pole  of  the  earth,  the  point  in  which  the  equator  is 
intersected  by  the  great  circle  passing  through  the  pole  and  the 
star  will  vary  as  weU  as  the  equinox,  it  being  remembered  that  the 
right  ascension  of  the  star  is  the  distance  of  this  point  of  intersec- 
tion from  the  equinox. 

The  adept  in  spherical  trigonometry  will  find  it  an  improving 
exercise  to  work  out  the  formulffi  for  the  annual  change  in  the  right 
ascension  and  declination  of  the  stars,  arising  from  the  motion  of 
the  equator,  and  consequently  of  the  equinox.  He  will  find  the 
result  to  be  as  follows  :  Put 

n,  the  annual  angular  motion  of  the  equator  (20' -06;, 

u,  its  obliquity  (23'  27' -5), 

a  i,  the  right  ascension  and  declination  of  the  star ; 

Then  we  shall  find  : 

Annual  change  in  R.  A.  =  n  cot  u  +  n  sin  a  tan  d. 

Annual  change  in  Dec.  =  n  cos  a. 


CHAPTER  IX. 


CELESTIAL  MEASUItEMENTS  OF  MASS  ANT) 
DISTANCE. 

g   1.    THE  CKLESTIAIi  SCAIiE   OF  MEASITBEMENT. 

The  units  of  lejijjth  aiid  masa  employed  by  astrrmoincre 
are  necessarily  different  from  tlioBO  used  in  daily  life. 
For  instance,  the  distances  and  ina^iitiides  of  the  heavenly 
bodies  are  never  reckoned  in  miles  or  other  terrestrial 
measures  for  astronomical  jniqxises  ;  wlicii  wi  expressed 
it  is  only  for  the  pur|K>se  of  luakiiij^  the  sulijeet  clearer  to 
the  general  reader.  The  units  of  weight  ornjass  are  also, 
of  necessity,  astroiioinii-al  and  not  terrestrial.  The  mass 
of  a  body  may  be  expresseii  in  terms  of  tiuit  of  the  sun 
or  of  the  earth,  but  never  in  kiit>gram8  or  tons,  unless  in 
popular  language.  There  are  two  reasons  for  this  course. 
One  is  that  in  most  cases  celestial  distances  have  first  to 
Ihj  detennined  iu  terms  of  some  celestial  unit^tlie  earth's 
distance  from  tiie  sun,  for  iust!UH'(! — and  it  is  more  con- 
venient to  retain  tiiis  unit  than  to  adopt  a  new  one.  The 
other  is  that  the  values  of  celestial  distances  in  terms  of 
ordinary  terrestrial  units  are  for  the  most  ])art  extremely 
uncertain,  while  tlic  corresponding  values  in  astronomical 
units  are  known  witli  great  accuracy. 

An  extreme  insUmce  of  this  is  afforded  hy  the  dimen- 
sions of  the  Bf»lar  system.  By  a  long  and  continued  series 
of  astronomical  observations,  iuvestigiited  by  means  of 
Kkpler's  laws  and  the  theory  of  gravitation,  it  is  |X)S8ible 
to  determine  the  forms  of  the  jilanctary  orbits,  their 
positions,    and  their  dimensions  in  terms  of  the  earth's 
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nieun  distance  from  the  sun  as  tlie  unit  of  measure,  with 
great  precision.  It  will  be  ruinentbcrcil  that  Kici'lkr's 
tliinl  law  cnahles  us  toiletennine  tlie  mean  distance  of  a 
planet  from  the  sun  when  we  know  its  period  of  revolu- 
tion. Now,  idl  the  nuijor  jitinets,  as  far  out  as  S<iiurn, 
]iave  been  <iliserveil  tlirnu^h  si»  many  revolutions  that  their 
periodic  times  can  l>e  determined  with  ji^reat  exactness — in 
fact  within  a  fraction  of  a  millionth  part  of  tiicir  wliole 
amount.  The  more  recently  dis<.'ovcred  planets,  f'rnirits 
and  JVi^'jifuiir,  will,  in  tlie  enunse  of  time,  have  their 
periods  detenm'ned  with  ccpial  precision.  Then,  if  we 
sijuare  the  ]ieriods  expressed  in  years  and  decimals  of  a 
year,  and  extract  the  cube  root  of  this  s(puire,  we  have  the 
mean  distance  of  the  planet  with  the  same  order  of  jn-e- 
cisioii.  This  distance  is  to  be  c-orrected  slifrhtly  in  consu-- 
quouce  of  the  attractions  uf  the  jilanets  on  each  other,  but 
these  corrections  also  are  known  with  {jroat  exactness. 
Agjiin,  tlie  eccentriciticj*  of  the  orbits  are  exac-tly  deter- 
mined by  caruful  observatiims  of  the  positions  of  the  plan- 
eta  during  sncuessive  revolutions.  Thuswcnro  enabled  to 
make  a  ma]>  of  the  planetary  orbits  whieb  shall  1)C  so  ex- 
aet  that  the  error  would  entirely  ebnle  the  most  careful 
s<^nitiny,  though  the  map  itself  should  bi'  itiany  yards  in 
extent. 

On  the  scale  of  this  sjinie  map  we  could  lay  down  the 
magnitudes  of  the  planets  with  ius  nnn-h  jirecisiou  as  our 
instruments  can  me:usnni  their  angular  semi-diameters. 
Thus  M'e  know  tliat  the  mean  diameter  of  the  sun,  as  seen 
from  the  earth,  is  'A2',  hence  we  deduce  from  formnlffi 
given  in  connection  with  parallax  ((.'hapter  I.,  §  9),  that 
the  diameter  of  the  sun  is  .(K)iH5(tS3  of  tlie  distance  of  the 
smi  from  the  earth.  We  can  therefore,  ou  our  supposed 
map  of  the  solar  system,  hiy  down  the  sun  in  its  tnie  size, 
according  to  the  scale  of  the  map,  from  data  given  directljr 
by  ol>scrvation.  In  the  sjime  way  we  can  do  this  for  each 
of  the  planets,  the  earth  and  moon  exci-pted.  There  is 
no  innnediate  and  direct  way  of  Knding  how  largo  the 


tutrth  or  moon  would  look  from  a  phiiiet,  lic-iu-u  the  ex- 
iieption. 

But  without  further  special  research  into  this  suhject, 
wc  shall  know  nothing  about  the  ecalo  of  our  map.  It  is 
dear  that  in  order  to  fix  thu  distances  or  the  ina^nituded 
of  the  phinet8  according  to  any  terrestrial  standard,  wo 
nnist  know  this  scale.  Of  course  if  we  can  leiirn  eitlier 
the  distance  or  magnitude  of  any  one  of  the  ]ilaiicts  laid 
ilown  on  the  map,  in  miles  or  in  PeiTri-diaitictt^rs  of  tho 
earth,  wo  shall  he  able  at  once  to  find  the  Bcale.  l»ut  this 
process  is  so  difficult  that  the  j^'iienil  custom  of  sistrono- 
iners  is  not  to  attempt  to  use  an  exact  scjde,  hut  to  emjtloy 
tho  mean  distance  of  the  sun  from  the  earth  as  the  unit  iu 
celestial  measuivments.  Thus,  in  astronomical  language, 
we  say  that  the  distance  i»f  Mf/vuri/  from  the  sun  is 
0-387,  that  of  Vciiim  U-7-i3,  that  of  Mur«  1-5'ia,  that 
of  ScUurn  J>  •  53y,  and  so  on.  But  this  gives  us  no  in- 
formation r<.*|K'ctir»g  thedishiMe^csfiud  magnitiitk'S  in  termg 
•if  terrestrial  me;uiMi'es.  The  unknown  ipiantities  of  our 
iiia[)  aiv  thu  magnitixlo  of  the  earth  on  the  scale  of  thu 
Mi:i[i,  and  its  distance  from  thu  sun  in  terrestrial  units  of 
length,  ('oiild  wc  only  take  up  a  point  of  oU«Tvatiun 
from  the  sun  or  a  planet,  and  determine  exactly  the  angu- 
lar magnitude  of  the  earth  as  seen  from  that  point,  we 
should  he  ulile  to  lay  «l<iwti  the  earth  <if  our  map  in  its  cor- 
rect size.  Then  since  we  already  know  the  size  of  the 
earth  in  torrestrial  units,  we  should  he  aide  to  find  thu 
HC-ide  of  our  map,  and  thence  the  dimensions  of  the  whole 
Rystcm  in  terms  of  those  units. 

It  will  Ix!  seen  that  what  the  astronomer  really  wants  is 
not  BO  muc.ji  tiie  dimensions  of  the  solar  systoiri  in  miles  as 
to  express  the  size  of  the  ejirth  in  celestial  measures. 
These,  however,  amount  to  the  sjimc  thing,  l<crause  liav- 
irig  one,  the  other  can  lie  readily  dedncetl  from  the  known 
iiiiignitude  of  the  earth  iu  terrestrial  mciisures. 

The  magnitude  of  the  earth  is  not  the  oidy  unknown 
quantity  on  our  map.     From  Kei'leu's  laws  wo  euu  de- 
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tennine  notlnng  resj>ecting  the  distance  of  the  moon  from 
the  earth,  becuuse  unless  a  change  is  made  in  the  nnits  of 
time  and  space,  they  apply  only  to  hodics  moving  around 
the  sun.  AVe  must  therefore  determine  the  distance  of 
the  moon  iis  well  as  that  of  the  sun  to  be  able  to  complete 
our  map  on  a  known  scale  of  measurement. 

g  2.    MEASURES  OF  THE  SOLAR  PARAT.T.AX. 

The  problem  of  distances  in  the  solar  system  is  rcdnctd 
by  tlie  preceding  consideratioixs  to  measuring  the  distances 
of  the  snn  and  ni(X>ti  in  terms  of  the  earth's  radius.  The 
mrwt  direct  metliod  of  doing  this  is  by  deterniining  their 
respective  parallaxes,  wliich  we  have  shown  to  be  the  same 
jw  the  earth's  angular  semi-diameter  as  seen  from  them. 
In  the  case  of  the  sun,  the  iwpiired  parallax  can  Ixj  de- 
termined as  readily  by  measuring  the  parallaxes  of  any 
of  the  planets  lis  by  measuring  that-  of  the  sun,  because 
any  one  measured  distance  (»ii  the  map  will  give  us  the 
scale  of  our  map.  Now,  the  j>hu)ets  Yen  u«  Vin<\  JUars  oc- 
citfion.ally  come  mnch  nearer  the  earth  than  tlic  sun  ever 
does,  and  their  parallaxes  also  admit  of  more  exact  meas- 
uiX'ineiit.  The  pai'nllax  of  the  sun  is  theix-fore  deteniiined 
not  l»y  oliscrvations  on  the  s\ni  itself,  but  on  these  two 
planets.  Tliree  methods  of  finding  tlie  sun's  parallax  in 
this  way  have  been  a])plied.     They  are  : 

(1.)  Observatitms  of   Venun  in  transit  across  the  sun. 

(2.)  Olwervations  of  the  declination  of  Mars  from 
witlely  separated  stations  on  the  earth's  surface. 

(3.)  Observations  of  the  right  ascension  of  Mars,  near 
the  tinies  of  its  rising  and  setting,  at  a  single  station. 

Solar  Parallax  from  Transits  of  Venus. —  Tlic  general 
principles  of  the  method  of  determining  the  parallax  of  a 
]>laiiet  by  simultaneous  al)servation8  at  distant  stations 
will  l)e  seen  by  referring  to  Fig.  18,  p.  4St.  If  two  ob- 
servers, situated  at  ^S'  anil  »S",  make  a  simultaneous  ob- 
servation of  the  direction  of  the  body  P,  it  is  evident 
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that  the  solution  of  a  plane  triangle  will  give  the  distance 
of  P  from  each  station.  In  practice,  however,  it  would 
be  impracticable  to  make  simultaneous  observations  at 
distant  stations,  and  as  the  planet  is  continually  in  motion, 
tlie  problem  is  a  much  more  complex  one  tliau  that  of 
simply  solving  a  triangle.  The  actual  solution  is  effected 
by  a  process  which  is  algebraic  rather  than  geometrical, 
but  we  may  briefly  describe  the  geometrical  nature  of  the 
problem. 

Considering  the  problem  as  a  geometrical  one,  it  is  evi- 
dent  that,  owing  to  the  parallax  of  Venus  being  nearly  four 
times  as  great  as  that  of  the  sun,  its  path  across  the  sun's 
disk  will  be  different  when  viewed  from  different  points  of 
the  earth's  surface.  The  further  south  we  go,  the  further 
north  the  planet  will  seem  to  be  on  the  smi's  disk.  The 
change  will  be  determined  by  tlio  difference  between  the 
parallax  of  Venu«  and  that  of  the  sun,  and  this  makes  the 
geometrical  explanation  less  simple  than  in  the  case  of  a 
determination  into  which  only  one  parallax  enters.  It 
will  be  sufficient  if  the  reader  sees  that  when  we  know  the 
relation  Initween  the  two  parallaxes — when,  for  instance, 
we  know  that  the  parallax  of  Venus  is  3-78  times  that  of 
the  sun — the  observed  displacement  of  Venua  on  the  sun's 
disk  will  give  us  both  parallaxes.  The  "  relative  paral- 
lax," as  it  is  called,  will  be  2-7S  times  the  sun's  parallax, 
and  it  is  on  this  alone  that  the  displacement  depends. 

The  algebraic  process,  which  is  that  actually  employed  in  the 
•olution  of  astronomical  problems  of  this  class,  is  as  follows  : 

Each    observer    is    supposed  to  know   bis    longitude  and   lati- 
tude, and  to  have  made  oue  or  more  observations  of  the  angular 
distance  of  the  centre  of  the  plitoet  from  the  centre  of  the  sun. 
To  woik  up  the  observations,    the  investigator   must    have    an 
tphemeru   of    Venua     uiul    of    the    sun— that    is,    a     table    giving 
the  right  ascension  and  declinutioa  of  each  body  from  hour  to  hour 
[•8  calculated  from  the  br«t  ustrononiicul  data.     The  ephemcris  can 
never  be  considered  absolutely  correct,   but  its  error  may  be  as- 
Mimed  as  constant  for  an  entire  day  or  more.     By  means  of  it,  the 
right  ascension  and  declination  of  the  pUnet  and  of  the  sun,  as  seen 
from  the  centre  of  the  earth,  may  be  computed  at  any  time. 
It  is  sbovrn  in  works  on  spherical  astronomy  boir,  when  the  right 
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ascensions,  declinations,  and  parallaxes  of  Vrnv*  and  the  sun  nro 
given  for  a  defiuitfc  moment,  the  di.ttnncc  of  their  centres,  as  seen 
from  a  given  jioint  on  the  surface  of  the  earlh,  may  W  computed. 
Referrintf  to  such  works  for  the  ooraplftL'  dcnioiislration  of  the  re- 
quired foriiudsD,  we  shall  give  the  approximate  results  in  such  a  way 
as  to  show  the  principle  involved.      Let  us  put: 

a,  d,  p,  the  geocentric  right  ascen.sion  and  declination  of  Veniu.  as 
given  in  the  cpheraeris  for  the  moment  of  observation,  and  its  dis- 
tance from  the  earth's  centre. 

a',  >'',  p',  the  same  quantities  for  the  sun. 

w,  the  sun'^  equatorial  horizontal  piiraliaz  at  distance  unity. 

II,  the  hour  angle  of  the  sun,  as  seen  from  the  place  at  the  mo- 
ment of  oI)>trT!ition. 

f',  the  geocentric  latitude  of  the  olwenrer. 

r,  the  earth's  radius  at  the  point  of  ohservation  ;  that  is,  the  dis- 
tance of  the  observer  from  the  earth's  centre,  the  equatorial  nidiu.s 
being  taken  ns  unity. 

The  parallax  is  so  small  that  we  may  regard  it  as  equal  to  its  sine. 
If  we  put : 

)r,,  the  equatorial  horizontal  parallax  of  Ven^u  at  its  actual  dig- 
taDce,  p ; 

ir'i,  the  same  for  the  sun. 

Then,  because  tlic  parallaxes  are  invorselj  as  the  distances  of  the 
bodies: 

P  P' 

If  wc  put : 

D,  the  aii)i;ulur  distance  of  the  centres  of  Venttt  and  the  sun,  as 
seen  from  ihi-  earth's  rentre.  D  will  be  the  hypothenuse  of  a  nearly 
right-angled  spherical  triangle,  of  which  the  north  and  south  side 
will  be  the  diflcrcnce  of  declination  ;  and  the  east  and  west  side  the 
ditfereuce  of  right  ascension,  nuiltiplied  by  the  cosine  of  the  decli- 
nation.    We  shall,  therefore,  have  approximately : 

/>•  =  (<»  — i5')'  -^- (a  — o)'co«.»i)'.  (S) 

This  value  of  D  being  very  near  the  (ruth,  it  is  supposed  that  the 
effect  of  stnall  corrections  to  a,  n' ,  i  and  i)'  may  be  treated  as  differ- 
entials, and  obtaiiic<l  by  differentiation.  Differentiating  the  aboTO 
ezpreMion,  and  dividing  by  'i,  wo  have  : 

DdD  =  {S-i)  (di  —  dd)  +  (a  -  a)  cot.'  i'  {da  — da') 
or, 

dD  =  ■~      (</<»  -  dS')-i-  °~°  «»••' '''  (da  —  do').  (S) 

Because  the  observer  is  at  the  earth's  surface  the  apparent  direc- 
tion of  the  two  l.)odles,  and  hence  the  values  of  a.  a',  d  and  i ,  will 
be  changed  by  parallax.  If  we  suppose  the  differentials,  do,  di.  etc.. 
to  rcpie.sent  the  changes  due  to  parallax,  it  is  shown  in  spherical  aa- 
trouomy  that  they  may  be  computed  by  the  formultti : 


^^^^P                         TRAN8IT8  OF  VEyUS.                                              ■ 

^^^F          4a  =  r  eat.  4'  mc.  d  ain.  J7  X  «-,,                                                                    ^| 
^^^H           da°=  r  ooa.  ^' wc  <>  aio. //'  X  ir'i,                                                               ^| 
^^^V           di  —  (r  008.  y '  ain.  <(  cos.  U  —  r  sin.  f'  eoa.  ^  X  n't.                                    ^| 
^B                   M  —  (r  tot.  f'  tin.  f  ex.  H  —  r  tan.  f  oo«.  il')  X  ir'i.             (4)              ■ 

^m             The  quantities  in  the  Mcond  raenibers  of  these  e<]uations  are  all               H 
H          Buppoaed  to  be  known,  at  lea:st  within    tlieir  thousandth   part,  ex-               H 
H          cept  -r,  and  r',  the  paralliixuK      Moreover  since    the  distances  p  and 
H          p  are  also  known,  if  wc  substilu'c  the  values  of  t,.  and  ir ,,  from  the 
■          e»)uatioM  (l),^,  the  mean  parallax  of  the  sun  itself,  will  be  the  only 
H          unknown  quantity  left.     So  if  we  put.  for  brevity, 

^^Lk                            r  cna.  ^  sec.  i  i>in.  II 
^^^H                           r  nM.  ^'  aec.  <)  sin.  J? 

^^^"-               j^      r  eoo.  f '  Bin.  d  ooo.  jy  —  r  mn.  f '  eo«.  <l 

^^                                                                                                               (6) 

H         we  bare,  for  the  effect  of  parallax, 

^1                                                da  =  <!▼ ;  do'  =  a'v, 

H                                                   <M  =  frir  ;  <»-  =  &  IT.                                                  (0) 

^             If  there  were  no  parallax,  and  if  the  values  of  the  right  ascension 
and  declination  given   in   the  cphemeris  were  perfectly  correct,  the 
Taluee  of  D  computed  from  (2i  would   be  those  given  by  a  correct 
measurement  from  any  point  of  the   earth's  surface.     Suppose  that 
the  observer  on  measuring  the  value  of  D,  finds  it  different  from 
thut  calculated.     Assuming   hi.s  mea.^ure  to  be  correct,  he  must  as- 
sume the  difference  to  be  due  to  two  causes  : 

Firstly,  parallax ; 

Secondly,  errors  in   the  values  of  a  and  i  given  in  the  ephcmeris. 

For  the  effect  of  parallax  we  substitute  in  (3)  the  values  of  ifa, 
etc,  in  (6).     We  thus  have: 

dD=  1 -^^(6-6)+ ^^coB.M' («-«■)  U.        (7) 

In  this  equation   all  the  quantities  in  the   second    member  ex- 
cept T  are  supposed  lo  be  known,  and  we  may  represent  the  co- 
efficient of  IT  by  the  single  symbol  r,  putting  : 

(ID  =  ei                                                 (8) 

To  consider  the  effect  of  the  second  cause  we  must  suppose  (W. 
d^'.  da  and  dn'  in  (3)  to  be  replaced  by  'W  ■'•''.  •'«  and  'lo',  wnich  we 
put  for  fhr  unknown  corrections  to  the  posiliona  in  the  epbemeris.         ^^^ 
f  we  put,  fur  brevity,                                                                                      ^^^H 

we  shall  hare 


dD  =  my  +  nx. 


The  true  valua  of  D  is  given  by  ndding  the  twoTttues  of  dD  in  (8) 
nn  1  I))  to  the  value  of  D  computed  Irom  (2).  Hence,  this  true 
value  of  D  is 

D  +  my  +  itx  +  en,  (10) 

in  which  D,  ni,  n  and  e  are  all  calculated  numbers,  apd  r,  jj  and  t  are 
uuknr>wn. 

Now,  aiifi]wse  that,  at  thr<  same  moment,  the  observer  has  meas- 
sured  the  distance  of  the  centres  of  iho  two  iiodies  and  found  it  to 
l>e  D .  Thi.s  being  supposed  true,  must  be  equal  to  (10),  thai  is,  we 
must  have 

D  +  my  +  nx  +  eir  =  D' ; 

or,  by  transposing. 


my  +  nx  +  eir  =  D'  —  D. 


Thus,  for  every  observation  of  distance,  we  have  an  equation  of 
condition  between  the  three  unknown  quantities  y,  x  and  r.  The 
solution  of  these  equal  ions  gives  the  value  of  x,  y  and  <r,  the  un- 
known qiinntilies  required. 

Heasurementfi  of  the  Parallax  of  Mars.— This  parnllax  n>ay 
be  dftermined  from  observations  in  two  ways.  In  that  usually 
adopted  there  are  two  observers  or  seta  of  observers,  one  in  the 
northern  and  the  other  in  the  southern  hemisphere,  each  of  whom 
determines  the  declination  of  the  planet  from  day  to  day  at  the 
moment  of  transit  over  his  nieridiun.  These  declinations  will  l)e 
different  by  the  whole  amount  of  parallactic  difference  between  the 
two  stations,  or  by  the  un<fle  S'  PH'  in  Fig.  18,  p.  49.  The  observa- 
tions are  continued  through  the  period  when  jVar»  is  nearest  the  earth, 
generally  alwut  a  couple  of  months.  Any  opposition  of  the  planet 
may  be  chosen  fur  this  purpose,  but  the  most  favorable  ones  are 
those  when  the  planet  ia  nearest  its  perihelion.  Should  the  planet 
be  exactly  at  its  perihelion  at  the  time  of  op|>osition,  its  distance 
from  the  earth  would  be  only  about  0- a",  while  at  aphelion  it  would 
be  0-08.  This  m-eiit  difference  is  owing  to  the  considerable  eccen- 
tricity of  the  orbit  of  Mtifs,  as  can  be  seen  by  studying  Fig.  48, 
p.  115,  which  gives  a  plan  of  most  of  the  orbits  of  the  larger  planets. 
The  fuvr>raljk'  oppo.iit  ions  occur  at  intervals  of  15  or  17  years.  One 
was  that  of  1  H()3,  which  gave  almost  the  first  conclusive  evidence  that 
the  old  parallax  of  the  sun  found  by  Encke  was  too  small.  This 
parallax  was  H'.,";?",  and  the  corresponding  distance  of  the  sun  was 
95i  millions  of  miles.  The  observations  of  1862  seemed  to  show 
that  this  puniflax  must  be  increased  by  about  one  thirtieth  part,  and 
the  distance  diminished  in  about  the  same  ratio.  But  the  moat  recent 
results  make  it  probable  that  the  change  should  not  be  quite  so 
^eat  as  this. 
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Parallax  of  Mars  in  Right  Ascension.— Another  method 
ot  mejisuring  the  parallax  of  ifarn  is  founded  on  principlea  entirely 
different  from  those  we  have  hitherto  considc  h1  .  In  the  lutter, 
obsenriitions  have  to  be  made  by  two  observers  in  o|>[>o.site  henii- 
splierea  ol  the  earth.  But  an  observer  at  any  point  on  the  earth's 
lurface  ia  carried  around  on  a  circle  of  latitude  every  day  by  the 
diurnal  motion  of  tlio  earth.  In  consequence  of  this  motion,  there 
must  be  a  corresponding  apparent  motion  of  each  of  the  pluncts  in 
an  opposite  direction.  In  other  Vkords,  the  parallax  of  the  planet 
most  be  different  at  different  timee  of  the  day.  This  diurnal 
chanee  in  the  direction  of  the  planet  admits  of  being  measured  in 
the  following  way  :  The  effect  of  parallii.Y  is  always  to  make  a 
heavenly  body  appear  nearer  the  horizun  tlian  it  would  appear  as  seen 
from  the  centre  of  the  earth.  This  will  be  obvious  if  we  reflect 
that  an  observer  moving  rapidly  from  the  centre  of  the  earth  to  its 
circumference,  and  keeping  his  eye  fixed  upon  n  planet,  would  see 
the  planet  appear  to  move  in  an  opi»osite  direction — tliiit  is,  down- 
ward relative  to  the  point  of  the  earth's  surface  which  he  aimed  at. 
Hence  a  planet  ri.sing  in  the  east  will  rise  later  in  consequence  of 
parallax,  and  will  set  earlier.  Of  course  the  rising  and  setting 
cannot  be  observed  with  sufficient  accuracy  for  the  purpose  of 
parallax,  but,  since  a  tixed  .-^tar  has  no  parallax,  the  poKition  of 
the  planet  relative  to  the  stars  in  its  nei-jhljorhood  will  change 
during  the  interval  between  the  rising  and  setting  of  the  planet. 
The  observer  therefore  determines  the  positon  of  Man  relative 
to  the  stars  surrounding  him  shortly  after  he  rbes  and  again 
"lOrtly  before    he    sets.     The   observations    are    re[>eated    night 

ter  night  as  often  as  possible.  Between  each  pair  of  east  ami 
west  observations  the  planet  will  of  course  change  its  jmsition 
among  the  stars  in  conse(|Uenee  of  the  orbital  niotion.s  of  the 
earth  and  planet,  but  these  motions  can  he  calculated  and  allowed 
for,  and  the  changes  still  outstanding  will  then  be  due  to  jmruUux. 

The  most  favorable  regions  for  an  observer  to  determine  the  par- 
allax in  this  way  are  those  near  the  earth's  equator,  because  he  is 
there  carried  around  on  the  largest  circle.  If  he  Is  nearer  the  poles 
than  the  equator,  the  circle  will  be  so  small  that  the  jmratlax  ivill  be 
hardly  worth  determining,  while  ut  the  poles  there  will  be  no  par- 
allactic change  at  all  of  the  kind  }u.st  described. 

Applications  of  this  method  have  not  been  very  numerous, 
although  it  was  suggested  by  FLAMSTEEt)  nearly  two  centuries  ago. 
The  latest  and  most  successful  trial  of  it  wasmailu  by  Mr.  David  Oii.l 
of  England  during  the  opposition  of  Mura  in  1877  above  described. 
The  point  of  observation  chosen  by   him  was  the  island  of  Ascen- 

n,  west  of  Africa  and  near  the  equator.     His  measures  indicate 

considerable  reduction  in  the  recently  received  values  of  the  solar 
parallax,  and  an  increase  in  the  distance  of  the  sun,  making  the 
latter  come  somewhat  nearer  to  the  old  value. 


Aocuraoy  of  the  Determinations  of  Solar  Parallax. 

The   parallax  of  Man  at  opposition  is  rarely  more  than 
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20',  and  the  relative  parallax  of  Venus  and  the  stin  at  the 
time  of  the  transit  is  less  than  24'.  These  quantities  are 
60  small  as  to  almost  elude  very  precise  measurement  ;  it 
is  liiu'Jlj  possiljle  by  any  one  set  of  measurea  of  parallax 
to  determine  the  latter  without  an  uncertainty  of  -j^^  of  its 
whole  amount.  In  the  distance  of  the  sun  this  corre- 
sponds to  an  uncertainty  of  nearly  half  a  million  of  miles. 
Astronomers  have  therefore  sought  for  other  methods  of 
determining  the  sun's  distance.  Although  some  of  these 
may  be  a  little  more  certain  than  measures  of  parallax,  there 
is  none  by  which  the  distance  of  the  sun  can  be  determined 
with  any  approximation  to  the  accuracy  which  character- 
izes other  celestial  measures. 

Other  KethodB  of  Determining  Solar  Parallax. —  A 
very  interesting  and  probably  the  most  accurate  method 
of  measuring  the  sun's  distance  is  by  using  light  as  a  mes- 
senger between  the  sun  and  the  earth.  We  shall  hereafter 
see,  in  the  eiiapter  on  aberration,  that  the  time  required  for 
liglit  to  pass  from  the  sun  to  the  earth  is  known  with  con- 
siderable exactness,  being  very  nearly  498  seconds.  If 
then  we  can  determine  experimentally  how  many  miles  or 
kilometres  liglit  moves  in  a  second,  we  shall  at  once  have 
the  distance  of  the  sun  by  multiplj'ing  that  quantity  by 
498.  But  the  velocity  of  light  is  about  300,000  kilometres 
per  second.  This  distance  would  reach  about  eight  times 
around  the  earth.  It  is  rarely  possible  that  two  pointa  on 
the  earth's  surface  more  than  a  hundred  kilometres  apart 
are  visible  from  each  other,  and  distinct  vision  at  distances 
of  more  than  twenty  kilometres  is  rare.  Hence  to  deter- 
mine experimentally  the  time  required  for  light  to  pass 
between  two  terrestrial  stations  requires  the  measurement  of 
an  interval  of  time,  which  even  under  the  most  favorable 
cases  can  be  otdy  a  fraction  of  a  thousandth  of  a  second. 
Methods  of  doing  it,  however,  have  been  devised  and  ex- 
ecuted by  the  French  physicists,  Fizf.ac,  Foucaclt,  and 
CoRNU,  and  quite  recently  by  Ensign  MicnKLsoN  at  the 
U.  S.  Naval  Academy,  Annapolis.     From  the  experiments 
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of  the  latter,  which  are  probably  the  most  accirrate,  the 
velocity  of  light  would  seem  to  be  about  299,900  kilome- 
tres per  second.  Multiplying  this  by  498,  we  obtain  149,- 
350,000  kilometres  for  the  distance  of  the  sun.  The  time 
required  for  light  to  pass  from  the  sun  to  the  earth  is  still 
uncertain  by  nearly  a  second,  but  this  value  of  the  sun's 
distance  is  probably  the  best  yet  obtained.  The  corre- 
sponding value  of  the  sun's  parallax  is  S'^Sl. 

Yet  other  methods  of  detennining  the  sun's  distance 
are  given  by  the  theory  of  gravitation.  The  best  known 
of  these  depends  upon  the  deterniination  of  the  parallactic 
inequality  of  the  moon.  It  is  found  by  mathematical  in- 
vestigation that  the  motion  of  the  moon  is  subjected  to 
several  inequalities,  having  the  sun's  horizontal  parallax 
as  a  factor.  In  consequence  of  the  largest  of  these  in- 
equalities, the  moon  is  about  two  minutes  behind  its  mean 
place  near  the  first  quarter,  and  as  far  in  advance  at  the 
last  quarter.  If  the  position  of  the  moon  could  be  deter- 
mined by  observation  with  the  same  exactness  that  the  po- 
sition of  a  star  or  planet  can,  this  would  probably  afford 
the  most  accurate  method  of  detennhiing  the  solar  par- 
allax. But  an  observation  of  the  moon  has  to  !«  made, 
not  upon  its  centre,  but  upon  its  limb  or  circumference. 
Only  tlie  limb  nearest  tiie  sun  is  visible,  the  other  one 
being  unilluniinated,  and  thus  the  illuminated  limb  on 
which  the  observation  is  to  be  made  is  different  at  the  first 
and  third  quarter.  These  conditions  induce  an  uncertain- 
ty in  the  comparison  of  observations  made  at  the  two 
quarters  which  cannot  be  entirely  overcome,  and  therefore 
leave  a  doubt  respecting  the  correctness  of  the  i-esult. 

Brief  History  of  Betarminations  of  the  Solar  Parallax. 
— The  distance  of  the  sun  must  at  all  time-shave  been  one 
of  the  most  interesting  scientific  problems  presented  to  the 
hmnan  mind.  The  first  known  attempt  to  effect  a  solu- 
tion of  the  problem  whs  made  by  Akistarchus,  who  flour- 
ished in  the  third  century  before  Christ.  It  was  founded 
on  the  principle  tltat  the  time  of  the  moon's  first  quarter 


2U 


ASTRONOMY. 


will  vary  with  the  ratio  between  the  distance  of  the  moon 
and  Bun,  which  may  be  shown  as  follows.  In  Fig.  68 
let  i?  represent  the  earth,  M  the  moon,  and  ,S  the  sun. 
Since  the  sun  alwiiys  illuminates  one  half  uf  the  lunar 
globe,  it  is  evident  that  when  one  half  of  the  moon's  disk 
appears  illuminatL-d,  the  triangle  E  2[  «S'inust  be  right- 
angled  at  M.  The  anglu  M  E  S  can  be  deferniiued  by 
measurement,  being  equal  to  the  angular  distance  bctweeu 
the  sun  and  the  nuion.  Havinor  t^-Q  of  the  an^rles,  the 
third  can  be  deteruiined,  because  the  sum  of  the  three 
must  make  two  right  angles.  Thence  we  shall  have  the 
ratio  between  EJI,  the  distance  of  the  moon,  and  EiS, 
the  distance  of  the  sun,  by  a  trigonoiiietricul  computation. 


Fiu-  70. 

Then  knowing  the  distance  of  the  moon,  which  can  be 
determitied  with  cumpai-.itive  ease,  we  have  the  distance  of 
tlie  sun  by  multiplying  by  this  ratio.  ARisTARcitvs  con- 
cluded, from  his  supposed  measures,  that  the  angle  J/  ^.S' 
was  three  d^rees  less  than  a  right  angle.     We  should 

E  S 
then  have  -ii-ji  =  sin  5°  =  -A^  very    nearly.      It  would 
E  Jn. 

follow  from  this  that  the  sun  was  19  times  the  distance 
of  the  moon.  We  now  know  that  this  result  is  entirely, 
wrong,  and  tliat  it 'is  impossible  to  determine  the  time 
when  the  moon  is  exactly  half  illuminated  with  any  ap- 
proach to  the  accuracy  necessary  in  the  solution  of  the 
problem.     In  fact,  the  greatest  angular  dibtance  of  the 
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earth  and  moon,  as  seen  from  the  sun — that  is,  the  angle 
ESM — is  only  about  one  quarter  the  angular  diameter  of 
the  moon  as  seen  from  the  earth. 

The  second  attempt  to  determine  the  distance  of  the 
snn  is  mentioned  hy  Ptoleky,  though  Hipp  arches  may  be 
the  real  inventor  of  it.  It  is  founded  on  a  somewhat  com- 
plex geometrical  construction  of  a  total  eclipse  of  the 
moon.  It  is  only  necessary  to  state  the  result,  which 
was,  that  the  snn  was  situated  at  the  distance  of  1210  radii 
of  the  earth.  This  result,  like  the  former,  was  due  only 
to  errors  of  observation.  So  far  as  all  the  methods  known 
at  the  time  could  show,  the  real  distance  of  the  sun  ap- 
peared to  be  infinite,  nevertheless  Ptolemy's  result  was 
received  without  question  for  fourteen  centuries. 

When  the  telescope  was  invented,  and  more  accurate 
observations  became  possible,  it  was  found  that  the  sun's 
distance  must  be  greater  and  its  parallax  smaller  tlian 
Ptolemy  had  supposed,  but  it  was  still  impossible  to  give 
any  measure  of  tlie  paralla.x.  All  tliat  could  be  said  was 
that  it  was  less  than  the  smallest  quanlity  that  could  be  de- 
cided on  by  measurement.  The  first  approximation  to  the 
true  value  was  made  by  Horrox  of  England,  and  after- 
ward by  HuYGiiE.vs  of  Holland.  It  was  not  founded  on 
any  attempt  to  nieiisure  the  parallax  directly,  but  on  an 
estimate  of  the  probable  magnitude  of  tlie  earth  on  the 
scale  of  the  solar  system.  The  magnitude  of  tlie  planets 
on  this  scale  being  known  liy  measurement  of  their  apjuir- 
ent  angular  diameters  a«  seen  from  the  earth,  the  solar 
parallax  iiiay  be  found  when  we  know  the  ratio  between 
the  diameter  of  the  earth  jmd  that  of  any  planet  whoso 
angular  diameter  has  been  measured.  Now,  it  was  sup- 
posed by  the  two  astronomers  we  have  mentioned  that 
the  earth  was  probably  of  the  same  order  of  magnitude 
with  the  other  planets. 

HoRRox  had  a  theory,  which  we  now  know  to  be  erro- 
neous, that  the  diainetere  of  the  planets  were  j)ro|K>rtii>nal 
to  their  distances  from  the  «tin — in  other  words,  tlmt  all 
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tlie  planets  would  appear  of  the  same  diameter  when  seen 
from  the  sun.  This  diameter  lie  estimated  at  28*,  from 
which  it  foHuwed  that  the  soliu-  parallax  was  W.  IluYcnENB 
assmned  that  the  actual  uiagnitiide  of  the  earth  was  mid- 
way between  those  of  the  two  planets  Vewis  and  Mars  on 
each  side  of  it  ;  he  thus  obtained  a  result  remarkably  near 
the  truth.  It  is  true  that  in  reality  the  earth  is  a  little 
larger  than  either  Venus  or  liars,  bnt  the  imperfect  tel- 
escopes of  that  time  showed  the  jilanets  larger  than  they 
really  were,  so  that  the  mean  diameter  of  the  enlarged 
planets,  as  seen  in  the  telescope  of  IIcyghkns,  was  such  aa 
to  correspond  very  nearly  to  the  diameter  of  the  earth. 

The  tirst  really  siiceessfwl  measure  of  the  parallax 
of  a  ])laiiet  was  made  ujion  Mars  dming  the  opposition  of 
1672,  by  the  first  of  tlie  twu  methods  already  described. 
An  expedition  was  sent  to  the  colony  of  Cayenne  to  ob- 
serve the  declination  of  the  planet  from  night  to  night, 
while  corresponding  oliservatioiis  were  made  at  the  Paris 
OlMiervatory.  From  a  discussion  of  these  observations, 
Cassini  obtained  a  solar  parallax  of  &'-5,  which  is  within 
a  second  of  the  truth.  The  next  steps  forward  were  made 
by  the  transits  of  Vetnt-s  in  17B1  and  1769.  The  leading 
civilized  nations  caused  observations  on  these  transits  to  be 
made  at  various  points  on  the  globe.  T]>e  method  used 
was  very  simple,  consisting  in  the  determination  of  the 
times  at  which  F<7t«*  enteretl  upon  the  sun's  disk  and  left 
it  again.  The  absolute  times  of  ingre^  and  egress,  as  seen 
from  ditferent  points  of  the  globe,  might  differ  by  20 
minutes  or  more  on  account  of  parallax.  The  results, 
however,  were  found  to  be  discordant.  It  was  not  until 
more  than  half  a  century  had  ela])sed  that  the  observations 
were  all  carefully  calculated  by  K.m  ke  of  Germany,  who 
concluded  that  the  parallax  of  the  sun  was  8* -587,  and  the 
distance  1)5  millions  of  miles. 

In  IS."")!  it  began  to  be  suspected  that  Enckk's  valne  of 
tbe  parallax  was  nmch  too  sinall,  and  great  labor  was  now 
devoted  to  a  solution  of  tlie  problem.     Hanskn,  from  the 
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parallactic  inequality  of  the  moon,  first  found  the  parallax 
of  the  sun  to  be  8' -97,  a  quantity  which  he  afterward  re- 
duced to  8" -91 6.  This  result  seemed  to  be  confirmed  by 
other  observations,  especially  those  of  Mars  during  the 
opposition  of  1862.  It  was  therefore  concluded  that  the 
sun's  parallax  was  probably  between  8' -90  and  9' -00. 
Subsequent  researches  have,  however,  been  diminishing 
this  value.  In  1867,  from  a  discussion  on  all  the  data 
which  were  considered  of  value,  it  was  concluded  by  one 
of  the  writers  that  the  most  probable  parallax  was  S'-S-iS. 
The  measures  of  the  velocity  of  light  made  by  Miohelson 
in  1878  reduce  this  value  to  8"  -81,  and  it  is  now  doubtful 
whether  the  true  value  is  any  larger  than  this. 

The  observations  of  the  transit  of  Venus  in  1874  have 
not  been  completely  discussed  at  the  time  of  writing  these 
pages.  'VVlicn  this  is  done  some  further  light  may  be 
thrown  upon  the  question.  It  is,  however,  to  the  deter- 
mination of  the  velocity  of  light  that  we  arc  to  look  for 
the  best  result.  All  we  can  say  at  present  is  that  the  so- 
lar parallax  is  probably  between  8' -79  and  8' -83,  or,  if 
out£ide  these  limits,  that  it  can  be  very  little  outside. 


g  3.    RELATIVE  MASSES  OP  THE  STTS  AUD 
PLAITETS. 

Tn  estimatinj;  cclfstial  masses  as  veil  as  distances,  it  is  necessary 
to  use  what  wc  miij'  call  celestial  units — that  is,  to  take  the  mass  of 
some  celestial  body  as  a  unit,  instead  of  any  multiple  of  the  pound 
or  kilogram.  The  reason  of  this  is  that  the  ratios  among  the 
masses  of  the  planetary  system,  or,  which  is  the  same  thing,  the 
mass  of  each  body  in  terms  of  that  of  some  one  body  as  the  unit, 
can  be  determined  independently  of  the  mas-s  of  any  one  of  them. 
To  express  a,  mass  in  kilograms  or  other  terrestrial  units,  it  is  neces- 
sary to  find  the  mass  of  the  earth  in  such  units,  as  already  explained. 
This,  however,  ia  not  necessary  for  astronomical  purposes,  where  only 
the  relative  ma.<<scs  of  the  several  planets  are  required.  In  estimat- 
ing the  masses  of  the  individual  planets,  that  of  the  sun  is  generally 
taken  as  a  unit.  The  planetary  masses  will  then  all  be  very  small 
fractions. 

KaaseB  of  the  Earth  and  Sun.— We  shall  first  consider  the 
nuuBS  of  the  earth  because  it  is  connected  by  a  very  curious  relation 
with  the  parallax  of  the  sun.   Knowing  the  latter,  we  can  determine 
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the  mawi  of  the  sun  relative  to  the  earth,  which  is  the  same  thing 
as  determining  the  astronomical  mass  of  the  earth,  that  of  the  sun 
being  unity.  This  may  be  clearly  seen  by  reflecting  that  when  we 
know  the  radius  of  the  earth's  orbit  we  can  detpmiine  how  far  the 
earth  moves  aside  from  a  straight  line  in  one  second  in  consequence 
of  the  attraction  of  the  sun.  This  motion  measures  the  attractive 
force  of  the  sun  at  the  distance  of  the  earth.  Comparing  it  with 
the  attractive  force  of  tlie  earth,  and  making  allowance  for  the 
difference  of  distances  from  centres  of  the  two  bodies,  we  deter- 
mine the  ratio  between  their  mosses. 

The  calculation  in  (juestion  is  made  in  the  most  simple  and  ele- 
mentary manner  as  follows.     Let  us  put  : 

ir,  the  ratio  of  the  circumference  of  a  circle  to  its  diameter  (ir  = 
3-14159...) 

r,  the  mean  radius  of  the  earth,  or  the  radius  of  a  sphere  having 
the  same  volume  as  the  earth. 

a,  the  mean  distance  of  the  earth  from  the  sun. 

j7,  the  force  of  gravity  on  the  earth's  surface  at  a  point  where  the 
radius  is  r — that  is,  the  distance  which  a  body  will  fall  in  one 
•econd. 

g\  the  sun's  attractive  force  at  the  distance  a. 

T,  the  number  of  seconds  in  a  sidereal  year. 

M,  the  mass  of  ihe  sun. 

«i,  the  mass  of  the  earth. 

/*,  the  sun's  mean  horizontal  parallax. 

The  force  of  gravity  of  the  sun,  y',  may  be  considered  la  cqnal  to 
the  so-called  cetilrifugnl  force  of  the  earth,  or  to  the  distance  which 
the  earth  falls  tow:ird  the  sun  in  one  tiecond.  By  the  formula  for 
centrifugal  force  given  in  Chapter  VHI.,  p.  204,  wo  have, 


,  _  4  g'  a 


and  by  the  Uw  of  gravitation. 


whence 


xni 


«'-*• 
^-i"'' 


a*  ~    T* 


2i  = 


4<r'ri' 


We  have,  in  the  same  way,  for  the  earth, 


9  = 


r" 


whence 


n  —  gf*. 
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Therefore,  for  the  ratio  of  the  nusses  of  the  earth  and  sun,  we  bare : 


I 


if  _  4t' 

By  the  formulu:  for  parallax  in  Chapter  I.,  J  8,  we  hare: 

a'_       1 
r" 


(«). 


r  =  »8in  P . 


Mti*P 


Therefore 


8in*/» 


(B). 


The  quantities  T,  r  and  i?  may  be  regarded  as  all  known  with  great 
exactness.  We  see  that  the  wvtJSA  of  the  earth,  that  of  the  sun  being 
unity,  is  i>roportiunnl  to  the  cube  of  the  Golar  parallux. 

From  data  atri-ady  given,  wo  have: 

7'=  365  days,  6  hours,  9"'  9";  in  seconds,  r=  31  538  148, 
Mean  radius  of  the  turth  in  metres,'  .  .  r  =  6  870  008, 
Force  of  gravity  in  metres,    .  .     .     .  g=-  0-6202, 

^ while  log  IT*  =  1  -CSKSiin.     Subiitituting  tliese  nuiubera  in  the  formula, 
it  may  be  put  in  ibu  form, 
: 
\ 


-^  =  [7-68984]  sin"  r,t 


Where  the  (juantily  in  brackets  is  the  logarithm  of  the  factor. 

Il  will  be  roiivenient  to  make  two  changes  in  the  parnllaz  P.  This 
angle  is  so  exceedingly  small  that  we  may  r^ard  it  aa  ef|ual  to  its 
sine.  To  express  it  in  seconds  we  must  multiply  it  by  the  number 
of  seconds  in  the  unit  radius — that  is,  by  206365'.  This  will  make 
P  (in  seconds)  =  20626.')' sin /*.  Again,  the  standanl  to  which  par- 
allaxes are  referred  is  alnays  the  earth's  equatorial  radius,  which  is 
^eater  than  r  by  about  ^\^  of  its  whole  amount.  So,  if  we  put  P" 
iax  the  equatorial  horizontal  parallaj^  expressed  ia  seconds,  we  shall 
have, 

P'  =  (1  +  ^,)  206265' sin  P=  [5-81432]  siuP, 
whence,  for  sin  P  in  terms  of  P", 


Bfn  P  = 


[6-31492] 


•  The  mean  ratlins  of  llie  cnrth  U  not  the  mean  of  tlic  polar  and 
equatorial  nirlii,  but  one  third  the  sum  of  the  polar  radius  and  twice 
the  equatorial  one,  because  we  can  draw  three  »uch  radii,  each  mak- 
ing a  right  angle  with  the  other  two. 

}  A  number  enclosed  in  bi-ackcts  is  frequently  used  to  signify  tho 
togarithm  of  a  coefficient  or  divisor  to  be  used. 
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If  we  aubstitute.this  value  in  the  expression  for  ibe  quotient  of 
the  masses,  it  may  be  put  into  either  or  the  forma : 


M_  _  [8-3f.4a3| 
m  ~       P" 

i"  =[2-784981 


(-»)' 


The  first  formula  gives  the  rulio  of  the  masses  when  the  solar  par- 
allax is  known  ;  Ihosecoiid,  the  parallax  when  the  ratio  of  the  masses 
is  known.  The  fotlowiny  table  shows,  for  rliflercnt  values  of  the 
solar  parallax,  the  corresponding  ratio  of  the  masses,  and  distance  of 
the  sun  in  terrestrial  measures  ; 


DuTAMca  or  TBa  Son. 

SnLAH 

JH 

Parallax. 

m 

In  ptiaaloiHil 

rulli  of  the 

t'arth. 

In  millions  of 
luilea. 

In  Dilltiont  of 
kliomctrea. 

8* -75 

337993 

2*573 

93-421 

160-843 

8' -76 

836835 

23540 

93-314 

150-172 

8' -77 

330684 

23.')ia 

93-206 

150-001 

8'-78 

334538 

23493 

98-103 

149  830 

8- -79 

3)13398 

23466 

93-980 

1411-660 

8' -80 

33336a 

23430 

93-890 

149-490 

8" -81 

831183 

23413 

•92-785 

149-320 

8' -83 

330007 

23386 

93  680 

149-151 

8' -83 

328887 

23360 

92  575 

148-982 

8'-84 

327773 

23333 

93-470 

148-814 

8'-85 

886664 

asso7 

93-366 

148-646 

We  havQ  said  that  the  solar  parallax  is  probably  contained  between 
thelimit<<  8'. 79  and  S'.Ki.  It  i-s  certainly  hardly  more  than  one  or 
two  hundredths  of  a  second  without  them.  So,  if  we  wish  to  express 
the  constants  relating  to  Ihc  sun  in  round  numbers,  we  may  say  that — 

Its  vutu  i-i  830,000  ttme>  that  of  the  earth. 

Its  ilittitnee  in  milt>s  is  U3  millions,  or  perhaps  a.  little  less. 

Its  distance  in  kilometres  is  probably  between  149  and  150  mil- 
lions. 

Density  of  the  Sun. — A  remarkable  result  of  the  preceding 
investigation  is  that  the  density  of  the  sim,  relative  to  that  of  the 
earth,  can  be  dcti-rmincd  independently  of  the  muss  or  distance  of 
the  sun  by  nieusuring  its  apparent  angular  itinnieter,  and  the  force 
of  gravity  at  the  earth's  siirfscc.     Let  us  put 

It,  the  density  of  the  suu. 

rf,  that  of  the  earth. 

t,  the  Gun's  angular  semi-diameter,  as  seen  from  the  earth.  Uten, 
continuing  liic  ootAtioo  already  given,  wo  eLaII  have: 


MASS  or  THE  SUIT. 
Linear  rmdias  of  the  aan  =  a  sin  t. 

4s- 


S31 


Volume  of  the  sun 


—  a"  gm"  a 


(from  the  formula  for  the  volume  of  a  sphere). 
Mass  of  the  sun,    M  —  --^  a'  /Jsin't. 

Mass  of  the  earth,  m  =  -^  r'd. 

Substituting  these  values  of  M  and  m  in   the  equation  (a),  and 
diviiling  out  the  common  factors;,  it  will  become 


■0  .  , 
-r  Sin*  *  ■■ 
a 


4tV 
''  T'g' 


from  which  we  find,  for  the  ratio  of  the  density  of  the  earth  to  that 
of  the  sun, 

d       ^  y     .  , 

This  equation  solves  the  problem.  Btit  the  solution  may  be  trans- 
formed ill  expresHioii.  We  know  from  the  law  of  fallin;;  bodies  that 
a  heavy  body  will,  in  the  time  t,  fall  through  the  distance  j  g  f. 
Hence  the  factor  g  7"  ia  double  the  distance  which  a  body  would  fall 
in  a  sidereal  year,  if  the  force  of  gravity  could  act  upon  it  continu- 
ously with  the  <uime  intensity  as  at  the  surface  of  the  enrth.  Hence 
y7" 
3»- 


will  be   the  number  of  radii  of  the  earth  through  which  the 


body  will  fall  in  a  sidereal  year, 
preceding  equation  will  become, 

d 


If  we  put  F  for  this  number,  the 


.Psin'* 


2-.' 


We  therefore  have  this  rule  for  finding  the  density  of  the  earth 
relative  to  that  of  the  iiun  : 

Find  hote  many  radii  of  the  earth  a  heavy  boily  would  fall  through 
ia  a  tiderenl  year  in  virtue  of  the  force  of  gravity  at  the  earth' »  tar- 
faee.  Multiply  this  number  by  the  cube  of  the  line  of  the  titn'i  angular 
temi-diameter,  at  teen  from  the  earth,  and  divide  by  the  numerifol 
factor  2  it'  =  19  7392.  The  quotient  will  be  the  ratio  of  tht  dentitp 
of  the  etirlh  to  that  nf  the  tun. 

From  the  numerical  data  already  given,  we  find  : 

Density  of  earth,  that  of  sun  being  unity, 


^  =  8-9a08. 
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Density  of  the  sun,  that  o(  the  e*rth  being  unity, 
?  =  0-35506. 


These  relations  do  not  gi^^  us  the  actual  density  of  either  body. 
We  have  said  that  the  mean  density  of  the  earth  iii  about  5|,  that  of 
water  being  unity.  The  sun  is  therefore  about  40  or  60  per  cent 
denser  than  water. 

Masses  of  the  Planets.— If  we  knew  how  far  a  body  would 
fall  inoneaecond  at  the  surface  of  any  other  plunet  than  the  earth, 
we  could  deterniinc  its  muss  in  much  the  »mne  way  as  we  have  de- 
termined that  of  the  earth.  Now  if  the  planet  hius  a  satellite  re- 
volving around  it,  we  can  make  this  determination — not  indeed 
directly  on  the  surface  of  the  planet,  but  at  the  distance  of  the  8at- 
ellite,  which  will  equally  give  us  the  required  datum.  Indeed  by 
observing  the  periodic  time  of  a  satellite,  und  the  angle  subtended  by 
the  major  axis  of  its  orbit  around  the  planet,  we  have  a  more  direct 
datum  for  determining  the  mu.4s  of  the  planet  than  we  actually  have 
for  determining  that  of  the  earth.  (Of  course  we  here  refer  to  the 
mas.ses  of  the  planets  relative  to  that  of  the  Nun  &»  unity. i  In  fact 
could  an  u.strononier  only  station  himself  on  the  planet  Venut  and 
make  a  series  of  observations  of  the  angular  distance  of  the  moon 
from  the  earth,  he  could  detcnnine  the  mai<s  of  the  earth,  and 
thence  the  solai  parallax,  with  far  greater  precision  than  we  are  like- 
ly to  know  it  for  centuries  to  couie.  Let  us  again  consider  the 
equation  for  M  found  un  page  228  r 


M  = 


4  IT*  a" 


Here  a  and  T  may  mean  the  mean  distance  and  periodic  time  of 

n* 
any  planet,   the  ijuoticnt  -^  being  a  constant  by  Eepleu's    third 

law.  In  the  same  equation  we  may  suppose  a  the  mean  distance  of 
a  satellite  from  its  primary,  and  7'  its  time  of  revolution,  und  -Vwill 
then  represent  the  mass  of  the  planet.  We  shall  have  therefore  for 
the  mass  of  the  planet, 

■iir'o" 


a'  being  the  mean  distance  of  the  satellite  from  the  planet,  and  T' 
its  time  of  revolution.  Therefore,  for  the  mass  of  the  planet  rel 
ativo  to  that  of  the  sun  we  have  : 


m 
M 


1  jvit 


Let  us  sunnose  a  to  be  the  mean  distance  of  the  planet  from  the 
sun,  in  which  case  T  must  represent  its  time  of  revolution.  Then, 
if  we  put  >  for  the  angle  subtended  by  the  radius  of  the  orbit  of  the 
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satellite,  as  seen  from  the  sun,  we  shall  have,  assuming  the  orbit 
to  be  seen  edgewise, 

«' 
smi  =  — . 

a 

If  the  orbit  is  seen  in  a  direction  perpendicular  to  its  plane,  we 
^hould  have  to  put  tang  «  for  sin  t  in  this  formula,  but  the  angle 
*  is  so  small  that  the  sine  nnd  tangent  are  almojit  the  same.  If  we 
put  r  for  the  ratio  of  the  time  of  revolution  of  the  planet  to  that  of 
the  satellite,  it  will  be  equivalent  to  supposing 

T 

The  equation  for  the  mass  of  the  planet  will  then  become 

y=T«sm*», 

which  is  the  simplest  form  of  the  usual  formula  for  deducing  the 
mass  of  a  planet  from  the  motion  of  its  sutellite.  It  is  true  that  wc 
cannot  observe  »  directly,  since  we  cannot  place  ourselves  on  the 
sun,  but  if  wc  observe  the  angle  »  from  the  earth  we  can  always 
reduce  it  to  the  sun,  because  we  know  the  proportion  between  the 
distances  of  the  planet  from  the  eivrtli  and  from  the  sun. 

All  the  large  planets  outside  the  earth  have  satellites  ;  we  can 
therefore  dctemiine  their  mosses  in  this  simple  way.  The  earth 
having  also  a  satellite,  its  mass  could  be  determined  in  the  same 
way  but  for  the  cireunistauce  already  mentioned  that  we  cannot 
determine  the  distance  of  the  moon  in  planetary  units,  as  we  can 
the  distance  of  the  satellites  of  the  other  planets  from  their  pri- 
maries. 

The  planets  Mercury  and  Venu*  have  no  satellites.  It  is  therefore 
neccisary  to  determine  their  masses  by  their  influence  in  altering 
the  elliptic  motions  of  the  other  planets  round  the  sun.  The  altera- 
tions thus  produced  are  for  the  most  part  »o  small  that  their  deter- 
mination is  a  practical  problem  of  some  dililculty.  Thus  the  action 
of  Mercury  on  the  neighboring  planet  Ven.u»  rarely  changes  the  po- 
sition of  the  latter  by  more  than  one  or  two  seconds  of  arc,  unless 
we  compare  observations  more  than  a  century  apart.  Hut  regular 
and  accurate  observations  of  Venn*  were  rarely  made  until  after  the 
beginning  of  this  century.  The  mass  of  Vaiua  is  best  determined 
by  the  influence  of  the  planet  in  changing  the  position  of  the  plane 
of  the  earth's  orbit.  Altogether,  the  determination  of  the  mn.sses 
of  .IfoTury  and  r<r/i»«  presents  one  of  the  most  complicated  prob- 
lems with  which  the  mathematical  astronomer  has  to  deal. 


CHAPTER   X. 

THE  REFRACTION  AND  ABERRATION  OF  LIGHT. 


8   1.    ATMOSPHERIC   REFB ACTION. 

When  we  refer  to  tlie  place  of  a  planet  or  star,  we 
usually  mean  its  true  ])la<'e — i.e.,  its  direction  from 
an  ol)i>erver  situated  at  the  centre  of  the  eartli,  consid- 
ered as  a  geometrical  point.  We  have  shown  in  the  sec- 
tion on  parallax  how  observations  which  are  necessarily 
taken  at  the  sui-face  of  the  earth  are  reduced  to  what  they 
would  have  been  if  the  observer  were  situated  at  tlie 
earth's  centre.  In  this,  however,  we  have  8upp«ed  tlie 
star  to  apjiear  to  be  projected  on  the  celestial  sphere  in 
tlie  prolongation  of  the  line  joining  the  observer  and  tlic 
star.  The  ray  from  the  star  is  considered  as  if  it  suffered 
no  deflection  in  passing  through  the  stellar  spaces  and 
through  the  earth's  atmosphere.  But  from  the  principles 
of  pliysies,  we  know  that  such  a  luminous  ray  passing  from 
an  empty  space  (as  the  stellar  spaces  are),  and  through  an 
atmosphere,  must  suffer  a  refraction,  as  every  ray  of  light 
is  known  to  do  in  passing  from  a  rare  into  a  denser 
medium.  As  we  see  the  star  in  the  direction  which  its 
light  beam  has  wlien  it  enters  the  eye — tliat  is,  as  we  pro- 
ject the  star  on  the  celestial  spliere  by  prolonging  this 
light  beam  backward  into  space — there  nmst  be  an  appar- 
ent displacement  of  tlie  star  from  refraction,  and  it  is 
this  which  we  are  to  consider. 

We  may  recall  a  few  defioitions  from  physics.  The 
ray  which  leaves  the  star  and  impinges  on  tlie  outer  sur^ 
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{&ce  of  the  earth's  atmosphere  is  called  the  inddent  my  ; 
after  its  deflection  by  the  atmosphere  it  is  called  the  re- 
fracted ray.  The  difference  hetween  these  directioofl  ii 
called  the  astronomical  refruction.  If  a  normal  is  drawn 
(perpondicnlar)  to  the  surface  of  the  refracting  inedinm  at 
tlie  point  wiiere  the  incident  ray  meets  it,  the  acute  angle 
between  the  incident  ray  and  the  normal  is  called  the 
angle  of  incidence,  and  the  acute  angle  between  the  nor- 
mal and  the  refractetl  ray  is  called  the  angle  of  refraction. 
The  refraction  itself  is  the  difference  of  these  angles. 
The  nonnal  and  both  incident  and  refracted  rays  are  in 
the  same  vertical  i)lane.  In 
Fig.  71  S  A  is  the  ray  incident 
npon  the  surface  B  A  of  the  re- 
fracting medium  B'  B  AN, 
^  C  is  the  refracted  ray,  M  N 
the  normal,  S  A  M  -atyA  CAN 
the  angles  of  incidence  and  re- 
fraction respectively.  Produce 
C  A  backward  in  the  direction 
AS  :  S  A  S  is  the  refraction. 
An  observer  at  C  will  see  the 
star  S-AS  if  it  were  at  S.  A  S 
is  the  apparent  direction  of  the  ray  from  the  star  aS',  and 
<S*  is  the  aj^Mirent  place  of  the  star  as  affected  by  refrac- 
tion. 

This  6uj)po8es  the  space  above  B  B'  in  the  figure  to  be 
entirely  empty  space,  and  the  earth's  atmosphere,  equally 
dense  througliont,  to  fill  the  space  IjcIow  B  B'.  In  fact,  liow- 
ever,  the  earth's  atmosphere  is  most  dense  at  the  surface  of 
the  earth,  and  gradually  diminishes  in  density  to  its  exterior 
boundary.  Therefore,  if  we  wish  to  represent  the  facts  as 
they  are,  wo  must  suppose  the  atmosphere  to  be  divided 
into  a  great  number  of  parallel  layers  of  air,  and  by  as- 
suming an  infinite  number  of  these  we  may  also  assume  that 
throughout  each  of  them  the  air  is  equally  dense.  Hence 
the  preceding  figure  will  only  represent  the  refractioi 
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a  single  one  of  these  layers.  It  follow*B  from  this  that  the 
path  of  a  raj  of  light  through  the  atmosphere  is  not  a 
straight  line  Uke  A  0,  but  a  curv'e.  We  may  suppose 
this  curve  to  be  represented  in  Fig.  72,  where  the  num- 
ber of  layers  has  been  taken  very  small  to  avoid  confusing 
the  drawing. 

Let  C  be  the  centre  and  A  a  point  of  the  surface  of  the 
earth  ;  let  8  be  a  star,  and  Sea,  ray  from  the  star 
which  is  refracted  at  the  various  layers  into  which  we  sup- 
pose the  atmosphere   to  be    divided,   and  which  finally 
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entcre  the  eye  of  an  observer  at  A  in  the  apparent  direc- 
tion A  iS'.  He  will  then  see  the  star  in  the  direction  5" 
instead  of  that  of  S,  and  S  A  S',  the  refraction,  will 
throw  the  star  nearer  to  the  zenith  Z. 

The  angle  S"  A  Z  is  the  apparent  zenith  distance  of  S; 
the  true  zenith  distance  of  S  ib  Z  A  S,  and  this  may  be 
aeBumed  to  coincide  with  Se,  as  for  all  heavenly  bodies 
except  the  moon  it  practically  does.  The  line  Se  pro- 
longed will  meet  the  line  A  Z  in  a  point  above  A,  sup- 
L  poBo  at  b'. 
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Iiaw  of  Refraction. — A  consideration  of  the  physical  condi- 
tions invulvL-d  has  led  to  the  following  form  for  the  refraction  in 
zenith  distance  (A  i,), 

(AO  =  ^t*n(v-'-f(AO), 

in  which  T  is  the  apparent  zenith  distance  of  the  star,  and  j1  is  a 
constant  to  be  dcterminiJ  by  observation.  A  is  found  to  be  about 
57',  so  that  wc  miiy  write  (  d  0  =  5^'  t""  "  approximutely. 

This  expression  gives  what  is  culled  the  mean  n-fraetion — that  is, 
the  refraction  corresjxjnding  to  a  mean  state  of  thi;  barometer  and 
thermometer.  It  is  clear  that  changes  in  the  temperature  and  ])res- 
gure  will  affect  the  density  of  the  iiir,  and  hence  its  refractive  power. 
The  tables  of  the  mean  refractir>n  made  by  Bkrsrt.,  based  on  a  more 
accurate  formula  than  the  one  above,  are  now  usually  use<l,  and  these 
are  accompanied  by  auxiliary  tables  giving  the  smalt  corrections  for 
the  state  of  the  meteorological  instruments. 

Let  us  consider  some  of  the  conset|uence3  of  refraction,  and  for 
OUT  purpose  wc  may  take  the  formula  (a  ^)  =  57'  tan  C,  aa  it 
very  nearly  represents  the  facts.  At  C'  =  0  (A  f)  =  0,  or  at  the 
apparent  zenith  there  is  no  refraction.  This  we  should  have  antici* 
pated  as  the  incident  ray  is  itself  normal  to  the  refracting  surface. 

The  following  extract  from  a  refraction  table  gives  the  amount  of 
refraction  at  various  zenith  distances  : 


r 

(As) 

c 

(X) 

0- 

0'         0' 

70' 

2'         89' 

10' 

0*       10' 

80* 

5'         20' 

20* 

0'       38' 

88" 

10'           0' 

45* 

0-       88' 

9gr 

18'           0' 

60* 

V       OB" 

89* 

24'         2.5' 

60° 

r       40' 

W 

34          30- 

Quantity  and  Efibcts  of  KefHiotion. — At  45°  the  refrac- 
tion is  about  1',  ami  at  itn"  it  is  '-W  30" — that  is,  bfxlies  at 
the  zenith  distances  of  45°  and  90°  appear  elevated  above 
their  true  jihices  by  1'  and  34J'  respectively.  If  the  sim 
has  just  risen — tluit  is,  if  its  lower  Itinh  is  just  in  apparent 
contact  with  the  horizon,  it  is,  in  fact,  entirely  below  the 
true  horizon,  for  the  refraction  (.S5')  has  elevated  its  cen- 
tre by  more  than  its  wliole  apparent  diameter  (32'). 

The  moon  is  full  when  it  is  exactly  opposite  the  sun, 
and  therefore  were  there  no  atinofiphere,  moon-rise  of  a 
fall  moon  and  sunset  would  b«  simultaneous.     In  fact, 
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both  bodies  being  elevated  by  refraction,  we  see  the  full 
moon  risen  before  the  6iin  has  set.  On  April  20th,  1837, 
the  full  moon  rose  eclipsed  before  the  sun  had  set. 

We  see  from  the  table  that  the  refraction  varies  com- 
paratively little  between  0"  and  60°  of  zenith  distance,  but 
that  beyond  80°  or  85°  its  variation  is  quite  rapid. 

The  refraction  on  the  two  Dmbsof  the  snn  or  moon  will 
then  be  different,  and  of  course  greater  on  the  lower  limb. 
This  will  apparently  be  lifted  np  toward  the  upper  limb 
more  than  the  upper  limb  is  lifted  away  from  it,  and 
hence  the  sun  and  moon  appear  oval  m  shape  when  near 
the  horizon.  For  example,  if  the  zenith  distance  of  the 
Bun's  lower  limb  is  85°,  that  of  the  upper  will  be  about 
84°  28',  and  the  refractions  from  the  tables  for  these  two 
zenith  distances  differ  by  1'  ;  therefore,  the  sun  will  ap- 
pear oval  in  shape,  with  axes  of  32'  and  31'  approxi- 
mately. 

Determination  of  Refiraction. — If  we  know  the  law  according 
to  which  refraction  varies — that  is,  if  we  have  an  accurate  formula 
which  will  give  (AC)  in  terms  of  C,  we  can  determine  the  absolute 
refroctton  for  any  one  point,  and  from  the  law  deduce  it  for  any 
other  points.  Thus  knowing  the  horiz.ontal  refraction,  or  the  re- 
fraction in  the  horizon,  we  can  determine  the  refraction  at  other 
known  zenith  distances. 

We  know  the  time  of  (theoretical  or  true)  sunrise  and  sunset  by 
the  formula  of  ij  7,  p.  44,  and  we  may  obser\'c  the  time  of  apparent 
rising  and  setting  of  the  sun  (or  ii  star).  The  difference  of  these 
times  gives  a  means  of  dctcrminiojj  the  effort  of  refraction. 

Or,  in  the  observations  for  latitude  by  the  method  of  %  8,  p.  47,  wo 
can  measure  the  apparent  polar  distances  of  a  circumpoiur  star  at 
its  upper  and  lower  culmination.  Its  polar  distances  above  and 
below  pole  should  be  equal  :  if  there  were  no  refraction  they  would 
be  so,  but  they  really  differ  by  a  quantity  which  it  is  easy  to  see  is 
the  difference  of  the  refractions  at  lower  and  upper  culminations. 
By  choosing  suitable  circumpolar  stars  at  various  polar  distances, 
this  difference  may  be  determined  for  all  polar  distances,  and  there- 
fore at  all  /.enith  distances. 


§  2.    ABERBATION  AND  THE  MOTION  OP  LIOHT. 

Besides  refraction,  there  is  another  cause  which  prevents 
our  seeing  the  celestial  bodies  exactly  in  the  true  direction 
in  which  they  lie  from  Ufl — namely,  the  progreesive  mo- 
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tion  of  light.  We  now  know  tliat  we  see  objects  only 
by  the  Ught  which  emanates  from  them  and  reaches  our 
eyes,  and  wo  also  know  that  this  light  requires  time  to 
pass  over  the  space  which  separates  us  from  the  object. 
After  the  ray  of  light  once  leaves  the  object,  the  latter 
may  move  away,  or  even  be  blotted  out  of  existence,  but 
the  ray  of  light  will  continue  on  its  course.  Consequent- 
ly when  we  look  at  a  star,  we  do  not  see  the  star  that  now 
is,  but  the  star  that  was  several  years  ago.  If  it  should  be 
amiihilated,  we  should  stiU  see  it  during  the  years  whidi 
would  bo  required  for  the  last  ray  of  hght  emitted  by  it  to 
reach  us.  The  velocity  of  light  is  so  great  that  in  all  ob- 
servations of  terrestrial  objects,  our  vision  may  be  regarded 
as  instantaneous.  But  in  celestial  observations  the  time 
required  for  tho  light  to  reach  us  is  quite  appreciable  and 
measurable. 

Tho  discovery  of  the  propagation  of  light  ia  among  tho 
most  remarkable  of  those  made  by  modem  science.  The 
fact  that  Ught  requires  time  to  travel  was  first  learned  by 
the  observations  of  the  satcUites  of  Jupiter.  Owing  to 
the  great  magnitude  of  this  planet,  it  casts  a  much  longer 
and  larger  shadow  than  our  earth  does,  and  its  inner  sat- 
ellite is  therefore  eclijwed  at  every  revolution.  These 
eclip.ses  can  be  olKcrved  from  tho  earth,  the  satellite  van- 
ishing from  view  as  it  enters  the  shadow,  and  suddenly 
reappearing  when  it  leaves  it  again.  The  accuracy  with 
which  the  times  of  this  disappearance  and  reappearance 
could  be  observed,  and  the  consequent  value  of  such  ob- 
servations for  the  detenuination  of  longitudes,  led  the 
astronomers  of  the  seventeenth  century  to  make  a  careful 
study  of  the  motions  of  these  bodies.  It  was,  however, 
necessary  to  make  tables  by  which  the  times  of  the  eclipses 
could  be  predicted.  It.  was  found  by  Rok.mee  that  these 
times  depended  on  the  distance  of  Jupiter  from  the  earth. 
If  he  made  his  tables  agree  with  •obser^'atioiis  when  the 
earth  was  nearest  Jupiter,  it  was  found  that  as  tho  earth 
receded  from  Jujnter  in  its  annual  course  around  the  sun, 
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the  eclipses  were  constantly  seen  later,  until,  when  at  its 
greatest  distance,  tlie  times  appearetl  to  he  22  minutes  late. 
RoEHEK  saw  that  it  wsvs  in  tlie  liigliest  degree  improbable 
that  tlie  actual  motions  of  the  witellites  should  be  Jiffected 
with  any  ench  inequality  ;  he  therefore  propounded  the 
bold  theory  that  it  took  titiw  for  light  to  couto  from  Ju- 
piter to  the  earth.  The  extreme  differences  in  the  tiiues 
of  the  ecli]ise  being  22  minutes,  he  assigned  this  :isthe  time 
required  for  light  to  cross  the  orbit  of  the  earth,  and  so 
concluded  that  it  came  from  the  sun  to  the  earth  in  11 
minutes.  We  now  know  that  this  estimate  was  too  great, 
and  that  the  tnie  time  for  this  passage  is  alwnt  8  minutes 
and  18  seconds. 

Discovery  of  Aberration. — At  first  this  theory  of  Roe- 
MEK  was  not  fully  accepted  by  his  contemporaries.  But 
in  the  year  172!)  the  celebrated  Uuadlev,  aftenvard  As- 
tronomer Royal  of  England,  discovered  a  phenomenon  of 
an  entirely  different  character,  which  confirmed  the  tlieory. 
lie  was  then  engaged  in  making  observations  on  the  star 
y  Draconls  in  order  to  determine  its  parallax.  The  effect 
of  parallax  would  have  Ixjen  to  make  the  declination 
greatest  in  June  atul  least  in  December,  while  in  March 
and  September  tlie  star  would  occupy  an  intennediatc  or 
mean  position.  But  the  result  was  entirely  different. 
The  declinations  of  Jnne  and  December  were  the  same, 
showing  no  effect  of  parallax  ;  but  instead  of  remaining 
constant  the  rest  of  the  year,  the  declination  was  some  40 
seconds  greater  in  September  than  in  March,  when  the 
effect  of  parallax  would  be  the  same.  This  showed  that 
the  direction  of  the  star  appeared  different,  not  according 
to  the  position  of  the  earth,  but  according  to  the  direction 
of  its  motion  around  the  sun,  the  star  l>eing  apparently 
displaced  in  this  direction. 

It  has  1>een  said  that  the  explanation  of  this  singular 
anomaly  wiis  first  suggested  to  Bradley  while  sailing  on 
the  Thames.  He  noticed  that  when  his  boat  moved  rapid- 
ly at  right  angles  to  the  true  direction   of  the  wind,  the 
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apparent  direction  of  the  wind  diaii<je<l  toward  the  point 
whither  the  boat  was  going.  When  the  boat  Bailed  in  an 
opposite  direction,  tlie  apparent  direction  of  the  wind  sud- 
denly  changed  in  a  corresponding  way.  Here  was  a  phe- 
nomenon very  analogous  to  tluit  wiiich  he  liad  observed  in 
the  stars,  the  direction  from  which  the  wind  appeared  to 
come  corresponding  to  the  direction  in  wliich  tlie  light 
reached  the  eye.  This  direction  changed  with  the  mo- 
tion of  the  observer  according  to  the  same  law  in  the  two 
cases.  lie  now  saw  that  the  apparent  dirtplaeenient  of  the 
star  was  dnc  to  the  motion  of  the  nijs  of  light  combined 
Mrith  that  of  the  earth  in  its  orbit,  tho  apparent  direction 
of  the  star  dejjending,  not  upon  the  absolute  direction 
from  which  the  ray  comes,  but  npon  tlie  relation  of  tlds 
direction  to  tlie  motion  of  the  observer. 

To  show  how  this  is,  let  A  B  \)Q  the  optical  a.xis  of  a 
telescope,  and /iS' a  star  from  which  emanates  a  rsty  mov- 
ing in  the  true  direction  S  A  B'. 
Perhaps  the  reader  will  have  a  clearer 
conception  of  the  subject  if  be  imag- 
ines A  B  Xn  Ihs  a  rod  which  an  ob- 
server at  B  seeks  to  ]>oirit  at  the  star 
S.  It  is  evident  that  he  will  point 
this  rod  in  such  a  way  that  the  ny 
of  light  shall  run  accurately  along  its 
length.  Suppose  now  that  the  ob- 
server is  moving  from  B  toward  B' 
with  such  a  velocity  that  he  moves 


from  B  U)  B'  during  the  time  re- 


Fio  n. 


quired  for  a  ray  of  light  to  move  from 
A  to  B'.  Suppose  also  that  the  ray  of  light  .9  A  reaches 
A  at  the  same  time  that  the  end  of  his  rod  does.  Then 
it  is  clear  that  while  the  rod  is  jnoving  from  the  position 
A  B  to  tlie  position  A'  B\  the  ray  of  light  will  move  from 
A  to  B\  and  will  therefore  run  accurately  along  the  length 
of  the  rod.  For  instance,  if  h  is  one  third  of  the  way 
frmn  B  to  B\  then  the  light,  at  tlie  instant  of  the  nxl  tak- 


S4a 


ABTR0N0M7. 


ing  tlie  position  h  a,  will  be  one  third  of  the  way  from  A 
to  B',  ami  will  therefore  be  accurately  on  the  rod.  Con- 
sequently, to  the  observer,  the  rod  will  appear  to  be  point- 
ed at  the  star.  In  reality,  however,  the  pointing  will  not 
be  in  the  true  direction  of  the  star,  but  will  deviate  from 
it  by  iin  angle  of  which  the  tangent  is  the  ratio  of  tJio 
velocity  with  whicli  the  observer  is  carried  along  to  the 
veloeity  of  light.  Tliis  presupposes  that  the  motion  of  the 
observer  is  at  rigiit  angles  to  that  of  a  ray  of  light.  If 
this  is  not  his  direction,  we  most  resolve  his  velocity  into 
two  components,  one  at  right  angles  to  the  ray  and  one 
parallel  to  it.  The  latter  will  not  affect  the  apparent  di- 
rection of  the  star,  wlxicli  will  therefore  depend  entirely 
upon  the  former. 

Effects  of  Aberration. — The  apparent  displacement  of 
the  heavenly  bodies  thus  produced  is  called  the  dberratioti 
of  light.  Its  effect  is  to  cause  each  of  the  fixed  Btars  to 
de8{rril)e  an  apparent  annual  oeoillatiou  in  a  very  small  or- 
bit. The  nature  of  the  displacement  may  be  conceived 
of  in  the  following  way  :  Suppose  the  earth  at  any  moment, 
in  the  course  of  its  annual  revolution,  to  be  moving  to- 
ward a  point  of  the  celestial  sphere,  which  we  may  call  P. 
Then  a  star  lying  in  the  direction  P  or  in  the  opposite  di- 
rection •^•iW  suffer  no  displacement  whatever.  A  star  ly- 
ing in  any  other  direction  will  be  displaced  in  the  direc- 
tion of  the  jwint  Pbyan  angle  proportional  to  the  sine  of 
its  angular  distance  from  P.  At  90°  from  P  the  dis- 
placement will  be  a  maximum,  and  its  angular  amoimt 
will  be  such  that  its  tangent  will  be  equal  to  the  ratio  of 
the  velocity  of  the  earth  to  that  of  light.  If  A  be  the 
"aberration"  of  the  star,  and  P 5 its  angular  distance 
from  the  jwint  /*,  we  shall  have, 


tan.4  =  —,6\nPS, 
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v'  and  V  being  the  respective  velocities  of  light  and  of  tha 
earth. 
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Now,  if  the  Btar  lies  near  the  pole  of  the  ecliptic,  its  di- 
rection will  always  be  nearly  at  right  angles  to  the  direc- 
tion in  wliich  the  earth  is  moving.  A  little  consideration 
will  show  that  it  will  seem  to  describe  a  circle  in  conse- 
qnence  of  aberration.  If,  however,  it  lies  in  the  plane  of 
the  earth's  orbit,  then  the  various  points  toward  which 
the  earth  moves  in  the  course  of  the  year  all  lying  in  the 
ecliptic,  and  the  star  being  in  this  same  pliuie,  the  appar- 
ent motion  will  bo  an  oscillation  buck  and  forth  in  this 
plane,  and  in  all  other  positions  the  apparent  motion  will 
bo  in  an  ellipse  more  and  more  flattened  as  we  approach 
the  ecliptic. 

Velocity  of  Light. — The  amount  of  alKirration  can  be 
detennined  in  two  ways.  If  we  know  the  time  wliich 
light  requires  to  come  from  the  sun  to  the  earth,  a  simple 
calculation  will  enable  us  to  determine  the  ratio  between 
this  velocity  and  that  of  the  earth  in  its  orbit.  For  in- 
stance, suppose  the  time  to  bo  498  seconds  ;  then  light 
will  cross  the  orbit  of  the  earth  in  9'Jti  seconds.  The  cir- 
cumference of  the  orbit  being  found  by  multiplying  its 
diameter  by  3-1416,  we  thus  tind  that,  on  the  supposition 
we  have  made,  hght  would  move  around  the  circumfer- 
ence of  the  earth's  orbit  in  52  minutes  and  8  seconds. 
But  the  earth  makes  this  same  circuit  in  365^  days,  and 
the  ratio  of  tliese  two  quantities  is  lO(»90.  The  maximum 
displacement  of  the  star  by  aberration  will  therefore  be  the 
angle  of  which  the  tangent  is  x^l-^y  and  this  angle  we 
find  by  trigonometrical  calculation  to  be  2it'-44. 

Tliis  calculation  presupposes  that  we  know  how  long 
liglit  requires  to  come  from  the  sun.  Tliis  is  not  known 
with  great  accuracy  owing  to  the  unavoidable  errors  with 
which  the  observations  of  Jupiter^ a  satellites  are  affected. 
It  is  therefore  more  usual  to  reverse  the  process  and  de- 
termine the  displacement  of  the  stars  by  direct  observa- 
tion, and  then,  by  a  calculation  the  reverse  of  that  we 
have  just  made,  to  detennine  the  time  required  by  light 
to  reach  us  from  the  suu.     Many  painstaking  detcrniiiu- 


244 


ASTRONOMY. 


tiona  of  this  quantity  have  been  made  since  tlie  time  of 
Bradley,  and  as  the  result  of  them  we  may  say  that  the 
value  of  the  "  constant  of  aherratUni,,''''  as  it  is  called,  is 
certainly  Vietwccn  20' -4  and  20' -5  ;  the  chances  are  that  it 
does  not  deviate  from  20'.44  by  more  than  two  or  three 
Imndredtlis  of  a  second. 

It  will  he  noticed  that  by  determining  the  constant  of 
aberration,  or  by  observang  the  eclipses  of  the  satellites  of 
Jujiiier,  we  may  infer  the  time  required  for  light  to  pass 
from  the  suti  to  the  earth.  But  we  cannot  thus  detemiine 
the  velocity  of  light  unless  we  know  how  far  the  eun  is. 
The  connection  between  this  velocity  hjuI  the  distance  of 
the  sun  is  sueli  that  knowing  one  we  can  infer  the  other. 
Let  us  iissume,  for  instance,  that  the  time  required  for 
light  to  reach  us  fi'om  the  snn  is  41)8  seconds,  a  time  which 
is  jirobalily  accurate  within  a  single  second.  Then  know- 
ing the  distance  of  the  sun,  we  may  obtain  the  velocity  of 
light  by  dividing  it  by  498.  But,  on  the  other  hand,  if  we 
can  determine  how  many  miles  light  moves  in  a  second,  we 
can  thence  infer  the  distance  of  the  sun  l)y  muHiplj'ing  it 
by  the  same  factor.  During  the  last  century  the  distance 
of  the  sun  was  fonnd  to  be  certainly  l>etween  90  and  100 
millions  of  miles.  It  was  therefore  correctly  concluded 
tliat  the  velocity  of  light  was  something  less  than  2fH),000 
miles  per  second,  and  probably  between  180,000  and 
200,000.  This  velocity  lias  since  been  determined  more 
exactly  by  the  dinct  measurements  at  the  surface  of  the 
earth  already  mentioned. 


CHAPTER  XI. 

CIIROXOLOCiy. 
§  1.    ASTRONOMICAIi  BLEASUBES  OP  TIME. 

The  most  intimato  relation  of  astronomy  to  the  daily 
life  of  niiiiikiiid  lias  always  arisen  from  its  affording  the 
only  reliahli;  and  accurate  measure  of  long  intervals  of  time. 
The  fundamental  units  of  time  in  all  ages  have  been  tlie 
day,  the  month,  and  the  year,  the  first  being  measured  by 
the  revolution  of  the  earth  on  its  axis,  the  second,  prim- 
itively, by  that  of  the  moon  arouiiii  the  earth,  and  the  tliinl 
by  that  of  tlic  earth  round  the  sun.  Had  the  natural  month 
consisted  of  an  exact  entire  inunbcr  of  days,  and  the  year 
of  an  exact  entire  number  of  months,  there  would  have 
been  no  history  of  the  calendar  to  write.  There  being  no 
such  exact  relatione,  innumerable  devices  have  been  trictl 
for  smoothing  off  the  difficulties  thus  arising,  the  mere 
description  of  which  would  fill  a  volume.  We  shall  en- 
deavor to  give  the  reader  an  idea  of  the  general  channrter 
of  these  devices,  including  those  from  wliich  our  own  cal- 
endar originated,  without  wearying  lum  liy  the  introduc- 
tion of  te<]ious  details. 

CJf  the  three  units  of  time  just  mentioned,  the  most  nat- 
ural and  striking  is  the  sliortest — namely,  the  day.  Mark- 
ing as  it  does  the  regidar  alternations  of  wakefulness  and 
rest  for  both  maa  and  animals,  no  astronomical  observa- 
tions were  neeeeeary  to  its  recognition.  It  is  bo  nearly 
uniform  in  length  that  the  most  refined  astronomicad  obser- 
vations of  modem  times  have  never  certainly  indicated 
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aiiy  change.  This  uniformity,  and  ita  entire  freedom  from 
all  anibigiiity  of  meaning,  have  always  made  the  day  a 
common  fundamental  imit  of  astronomers.  Except  for 
the  inconvenience  of  keeping  connt  of  the  great  nun>ber 
of  days  between  remote  epochs,  no  greater  unit  would 
ever  have  been  necessarj',  and  we  might  all  date  our  let- 
ters by  the  numbtir  of  days  after  Chkist,  or  after  a  sup- 
posed epoch  of  crcjition. 

The  ditliculty  of  remembering  great  numbers  is  such 
that  a  longer  unit  is  absolutely  necessary,  even  in  keeping 
tlie  reckoning  of  time  for  a  single  generation.  Such  a 
imit  is  the  year.  The  regular  changes  of  seasons  in  all  ex- 
tra-tropiwd  latitudes  renders  this  unit  second  only  to  the 
day  in  the  prominence;  with  which  it  must  have  struck  the 
minds  of  primitive  man.  These  changes  are,  however,  so 
slow  and  ill-marked  in  their  progress,  that  it  would  have 
been  scarcely  jiossible  to  make  an  accurate  determination 
of  the  length  of  the  year  from  the  oltservation  of  the  sea- 
sons. Here  astronomical  obscrvatifins  came  to  the  aid  of 
onr  progenitors,  and,  before  the  beginning  of  extant  his- 
tory, it  wa«  kiKiwn  that  the  alternation  of  eeaaons  was  due 
to  the  varying  declination  of  the  sun,  as  the  latter  seemed 
to  perfonn  its  imnnal  course  among  the  stai-s  in  the 
"  oblique  circle"  or  ecliptic.  The  common  people,  who  did 
not  understand  the  theory  of  the  sun's  motion,  knew  that 
certain  seasons  were  marked  by  the  jxwition  of  certain 
bright  stars  relatively  to  the  sun — that  is,  by  those  stars 
rising  or  setting  in  the  morning  or  evening  twilight. 
Thus  arose  two  methods  of  measuring  the  length  of  the 
year — the  one  by  the  time  when  the  sun  crossed  the  equi- 
noxes or  solstices,  the  other  •when  it  seemed  to  pass  a  cer- 
tain point  among  the  stars.  As  we  have  already  explain- 
ed, these  years  were  slightly  ch'fiFerent,  owing  to  the  pre- 
cession of  the  equinoxes,  the  first  or  equinoctial  year  l)eing 
a  little  less  and  the  second  or  sidereal  year  a  little  greater 
than  3r>r)J  days. 

The  number  of  days  in  a  jear  is  too  great  to  admit  of 


CHRONOLOGY. 


247 


their  being  eafiily  remembered  witliont  any  break  ;  ai»  in- 
tennediate  period  is  therefore  necessarj'.  Such  a  period 
is  nieaflured  by  the  rev<jluti«in  of  tlie  moon  around  the 
earth,  or,  more  exactly,  by  the  recurrence  of  new  moon, 
which  takes  phiee,  on  tlie  average,  at  the  end  of  nearly 
29i  days.  The  nearest  round  miniber  to  this  is  30  days, 
and  12  periods  of  30  days  each  only  lack  5^  days  of  being 
a  year.  It  has  therefore  been  common  to  consider  a  year 
as  made  up  of  12  months,  tlie  lack  of  exact  correspondence 
l)eing  lilled  by  various  alterations  of  the  length  of  the 
month  or  of  the  year,  or  by  adding  surplus  days  to  each 
year. 

The  true  lengths  of  the  day,  the  month,  and  the  year 
having  no  common  divisor,  a  difficulty  arises  in  attempting 
to  make  months  or  da^'s  into  years,  or  days  into  months, 
owing  to  the  fractious  which  will  always  be  left  over.  At 
the  same  time,  some  rule  hearing  on  the  subject  is  necessary 
in  order  that  people  may  be  able  tt>-romeudjcr  the  year, 
month,  and  day.  Such  rules  are  found  by  choosing  some 
cych  or  ]x;riod  whifli  is  very  nearly  an  exact  number  of 
two  units,  ol  months  and  of  days  for  example,  and  by  di- 
viding this  cycle  up  as  evenly  as  possible.  The  principle 
on  which  this  is  done  can  be  seen  at  once  by  an  example, 
for  which  we  shall  choose  the  lunar  month.  The  tnio 
length  of  this  month  is  29  •  5305884  days.  "We  see  that 
two  of  these  months  is  oidy  a  little  over  59  days  ;  so,  if 
we  take  a  cycle  of  59  days,  an<l  divide  it  into  two  months, 
the  one  of  80  and  the  other  of  29  days,  we  shall  have  a 
first  approximation  to  a  true  average  month.  But  our 
cycle  will  be  too  short  by  O""  ■  061,  the  excess  of  two  months 
over  59  days,  and  this  error  will  be  added  at  the  end  of 
everj'  cycle,  and  thus  go  on  increasing  as  long  as  the  cycle 
is  used  without  change.  At  the  end  of  16  cycles,  or  of 
32  Itmar  months,  the  accumulated  error  will  amount  to 
one  day.  At  the  end  of  tins  time,  if  not  sooner,  we 
should  liave  to  add  a  day  to  one  of  the  months. 

Seeing  that  we  shall  ultimately  be  wrong  if  we  have  a 
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two-month  cycle,  we  seek  for  a  more  exact  one.  Each 
month  of  30  days  is  nearly  O'*- 47  too  long,  and  each  month 
of  29  days  is  rather  more  than  0''  •  53  too  short.  So  in  the 
long  run  the  months  of  30  days  ought  to  l;e  more  numer- 
ous than  those  of  29  days  in  the  ratio  that  53  bears  to 
47,  or,  more  uxactly,  in  the  ratio  that  •  5305SS4  bears  to 
•  4f)9411(!.  A  close  approximation  will  be  had  by  having 
the  long  months  one  eighth  more  numerous  than  the  short 
ones,  the  numbers  in  question  being  nearly  in  the  ratio  of 
9  :  8.  So,  if  we  take  a  cycle  of  17  months,  9  long  and  8 
short  ones,  we  find  that  9  x  30  +  8  x  29  =  502  days  for 
the  assumed  length  of  our  cycle,  whereas  the  true  length 
of  17  mouths  ie  very  near  502'' -0200.  The  error  will 
therefore  be  -02  of  a  day  for  every  cycle,  and  will  not 
amount  to  a  Jay  till  the  end  of  50  cycles,  or  nearly  70 
years. 

A  still  nearer  approach  will  he  found  by  taking  a  cycle ' 
of  49  months,  25  to-  be  long  ami  23  nhort  ones.  Theee ' 
49  months  will  be  composed  of  26  x  30  +  23  x  29  = 
1447  days,  whereas  49  true  lunar  months  will  comprise 
1446 -998832  days.  Each  cycle  will  therefore  be  too  long 
by  only  '001168  of  a  day,  and  the  error  would  not  amount 
to  a  day  till  the  end  of  84  cycles,  or  more  than  3000  years. 

Although  these  cycles  are  so  near  the  truth,  they  could 
not  be  used  with  convenience  because  they  would  begin 
at  different  times  of  tlie  year.  The  problem  is  therefore 
to  find  a  cycle  which  shall  comprise  an  entire  nmnlver  of 
years.  We  shall  see  hereafter  what  solutiona  of  thig 
problem  were  actually  found. 

§  a.    FORMATION  OF  CAUENDAHS. 

The  months  now  or  heretofore  in  use  among  the  peoples 
of  the  globe  may  for  the  moet  part  be  divided  into  two 
classes : 

(1.)  The  lunar  month  pure  and  simple,  or  the  meaa 
interval  between  successive  new  moons. 
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(2.)  An  approximation  to  the  twelfth  part  of  a  jear, 
wiUiout  respect  to  the  motion  uf  the  moon. 

The  Lunar  Month. — The  mean  interval  between  con- 
secutive new  luoous  being  nearlj  29^  days,  it  wa*  common 
in  the  use  of  the  pure  lunar  month  to  have  months  of  29  and 
30  days  alternately.  This  supposed  period,  however,  as  just 
shown,  will  fall  short  by  a  day  in  about  2J  years.  This  de- 
fect was  remedied  by  introducing  cycles  containing  rather 
more  months  of  30  than  of  2!)  days,  the  small  excess  of 
long  months  being  sprea<l  nnifonnly  through  the  cycle. 
Thus  the  Greeks  had  a  cycle  of  2H5  months  (to  be  soon 
described  ujore  fully),  of  which  12.")  were  full  or  long 
montlis,  and  110  were  short  or  deficient  ones.  Wc  see 
that  the  length  of  this  cycle  was  6940  days  (125  x  30  + 
1K»  X  29),  whereas  the  length  of  235  true  Innar  months 
is  235  X  29  •  53088  =  6939  •  688  days.  The  cycle  was  there- 
fore too  long  by  less  than  one  third  of  a  day,  and  the  error 
of  count  would  amount  to  only  one  day  in  more  than  70 
years.  The  Mohammedans,  again,  took  a  cycle  of  360 
months,  which  they  divided  into  169  short  and  191  long 
ones.  The  length  of  this  cycle  was  10631  days,  while  the 
true  length  of  360  lunarmonths  is  10631  -012  days.  The 
count  would  therefore  not  be  a  day  in  error  until  the  end  of 
about  80  cycles,  or  nearly  23  centuries,  This  month  there- 
fore follows  tlie  moon  closely  enough  for  all  practical  pur- 

pOSM. 

Months  other  than  Lunar. — The  complications  of  the 
system  just  described,  and  the  consequent  difficulty  of 
making  the  cjdcndar  month  represent  the  course  of  the 
moon,  are  so  great  that  the  pure  lunar  month  was  gen- 
efRlly  almndoned,  except  among  people  whose  religion  re- 
quired important  ceremonies  at  the  time  of  new  moon. 
In  cases  of  such  abandonment,  the  year  has  been  usually 
divided  into  12  months  of  slightly  different  lengths.  The 
ancient  Egyptians,  however,  had  12  months  of  30  days 
each,  to  which  they  added  5  supplementary  days  at  the 
close  of  each  year. 
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KindB  of  Year. — As  we  find  two  different  systems  of 
inontlis  to  have  been  used,  so  we  may  divide  the  calendar 
years  into  three  classes — namely  : 

(1.)  The  lunar  year,  of  12  lunar  montlia. 

(2.)  The  solar  year. 

(3.)  The  combined  luni -solar  year. 

The  Lunar  Year. — We  have  already  called  attention  to 
the  fact  that  the  time  of  recurrence  of  the  year  is  not  well 
marked  except  by  astronomical  phenomena  which  the 
casual  observer  would  hardly  remark.  But  the  time  of 
new  moon,  or  of  beginning  of  the  mo5ith,  is  always  well 
marked.  Consequently,  it  was  very  natural  for  people  to 
begin  by  considering  the  year  as  made  up  of  twelve  luna- 
tions, the  error  of  eleven  days  l)eiiig  unnoticeahle  in  a 
single  year,  unless  careful  astronomical  observations  were 
made.  Even  when  this  error  was  fully  recognized,  it  might 
be  considered  better  to  ukc  the  regular  year  of  12  lunar 
months  than  to  use  one  of  an  irregular  or  varying  number 
of  months.  Such  a  year  is  the  religious  one  of  the  Mo- 
liammcdans  to  this  day.  The  excess  of  11  days  will 
amount  to  a  whole  year  in  33  years,  33  solar  years  being 
nearly  equal  to  33  lunar  yean.  In  this  period  therefore 
each  sciison  will  have  coursed  through  idl  times  of  the 
year.  The  lunar  ye.ar  has  therefore  been  called  the 
"wandering  year." 

The  Solar  Year. — In  fomiing  this  year,  the  attempt  to 
measure  the  year  by  revolutions  <>{  the  moon  is  entirely 
abandoned,  and  its  length  is  made  to  deinjud  entirely  on 
the  change  of  the  seasons.  The  solar  year  thus  indicated 
is  that  most  used  in  both  ancient  and  modern  times.  Its 
length  has  been  know^l  to  be  nearly  365^  days  from  the 
times  of  the  earliest  astronomers,  and  the  system  adopted 
in  our  calendar  of  having  three  years  of  365  days  esich,  fol- 
lowed by  one  of  366  days,  has  been  employed  in  China 
from  the  remotest  historic  times.  This  year  of  865J  days 
is  now  called  by  us  the  Julian  Year,  after  Juuus  C.S8AS, 
from  whom  we  obtained  it. 


THE  CALENDAR. 


251 


The  Lmii-Solar  Year. — If  the  lunar  months  mnst,  in 
Borae  way,  be  made  up  into  solar  years  of  the  proper  av- 
erage length,  then  these  years  must  be  of  unequal  length, 
some  having  twelve  months  and  others  thirteen.  Thua,  a 
period  or  cycle  of  eight  years  might  be  made  np  of  99 
lunar  months,  5  of  the  years  having  12  months  each,  and 
3  of  them  13  months  eacL  Such  a  period  would  coniprise 
2923^  days,  so  that  the  average  length  of  the  year  would 
be  365  days  lf>J  Loure.  This  is  too  great  hy  about  4  hours 
42  minutes.  This  very  plan  was  proposed  in  ancient 
Greece,  but  it  was  superseded  by  the  discovery  of  the 
Metonic  Cych,  which  figures  in  our  church  calendar  to 
this  day.  A  luni-solar  year  of  this  general  character  was 
also  used  by  the  Jews. 

The  Metonic  Cycle. — The  preliTitinar)'  considerations  we 
have  set  forth  will  now  enable  us  to  understand  the  origin 
of  our  own  calendar.  We  begin  with  the  Metonic  Cycle 
of  the  ancient  Greeks,  which  >»till  regulates  some  religious 
festivals,  although  it  has  disapj)eared  from  our  civil  reck- 
oning of  time.  The  necessity  of  employing  lunar  montlia 
caused  the  Greeks  great  difficulty  in  regulating  tlieir  cal- 
endar so  as  to  accord  with  tliuir  rules  for  religions  feasts, 
until  a  solution  of  the  problem  was  found  by  Meton,  about 
433  B.C.  The  gi-eat  discovery  of  Meton  was  that  a  jKjriod 
or  cycle  of  6940  days  could  be  divided  up  into  235  lunar 
months,  and  also  into  19  solar  years.  Of  these  months, 
125  were  to  be  of  30  days  each,  and  110  of  29  days  each, 
wliich  would,  in  all,  make  up  the  required  6940  days.  To 
see  how  nearly  this  rule  represents  the  actual  motions  of 
the  sun  and  moon,  we  remark  that : 


i>«r«. 

Huun. 

Mln. 

235  lunations  require 

6939 

16 

31 

19  Julian  years    " 

6939 

18 

0 

19  true  solar  years  require 

6939 

14 

27 

We  see  that  though  the  cycle  of  6940  days  is  a  few  hours 
too  long,  yet,  if  we  take  235  true  lunar  months,  we  liud 
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their  whole  duration  to  be  a  little  less  than  19  Julian  years 
365^  days  each,  and  a  httlo  more  than  19  true  solar  years. 

The  problem  now  was  to  take  these  235  inontlis  and  divide 
them  up  into  19  years,  of  which  12  should  have  12  luontlis 
eacli,  and  7  should  have  13  months  each.  The  long  years, 
or  those  of  13  mouths,  were  probably  those  corresponding 
to  the  numbers  3,  5,  8,  11,  13,  16,  and  19,  while  the  first, 
seeond,  fourth,  sixth,  etc.,  were  short  years.  In  general, 
the  months  had  29  and  30  days  alternately,  Ijut  it  was 
necessary  to  substitute  a  long  month  for  a  short  one  every 
two  or  three  years,  so  that  in  the  cycle  there  should  be 
125  luug  and  110  short  months. 

Golden  Number. — This  is  simply  the  number  of  the 
year  in  the  Metuuic  Cycle,  and  is  said  to  owe  its  appella- 
tion to  the  enthusiasm  of  the  Greeks  over  Meton's  dis- 
covery, the  authorities  having  ordered  the  division  and 
numbering  of  the  years  in  tlie  new  calendar  to  be  in- 
scribed on  pulilic  moimments  in  letters  of  gold.  The  mle 
for  tinding  the  golden  number  is  to  divide  the  number  of 
the  year  by  19,  and  add  1  to  the  remainder.  From  1S81 
to  1899  it  maybe  found  by  simply  sulitracting  1880  from 
the  year.  It  is  employed  in  our  rhurch  calendar  for  timl- 
ing  the  tinie  of  Easter  Sunday. 

Period  of  Callypus. — "\Ve  have  seen  that  the  cycle  of 
flyiO  days  is  a  few  hours  too  long  either  for  235  lunur 
months  or  for  19  solar  years.  Callypi's  tlierefore  sought 
to  improve  it  by  taking  one  day  off  of  every  fourtli  cycle, 
so  that  the  four  cycles  should  have  27759  days,  which  ^ 
were  to  be  divided  into  940  months  and  into  76  years.  H 
These  years  would  then  be  Julian  years,  while  the  recur- 
rence of  new  moon  would  only  be  six  hours  in  error  at  the 
end  of  the  76  years.  Had  he  taken  a  day  from  every 
third  cycle,  and  from  some  year  and  month  of  that  cycle, 
he  would  have  been  yet  nearer  the  trutii. 

The  Mohammedan  Calendar. — Among  the  most  remark- 
able calendars  which  have  remaineil  in  use  to  the  present 
time  is  that  of  the  Mohaiumedaiui.     The  year  is  composed 
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of  12  lunar  montlie,  and  therefore,  as  already  mentioned, 
does  not  correspond  to  tlie  course  of  the  eeasons.  As  with 
other  syBtemB,  the  problem  is  to  find  such  a  cycle  that  an 
entire  number  of  these  lunar  years  shall  correspond  to  an 
integral  number  of  days.  Multiplying  the  length  of  the 
lunar  mouth  by  12,  we  Hud  the  true  length  of  the  lunar 
year  to  be  354  •  3670<)  days.  The  fraction  of  a  day  being 
not  far  from  one  third,  a  three-year  cycle;  comprising  two 
years  of  354  and  one  of  355  days,  would  be  a  first  approx- 
intation  to  three  lunar  years,  but  would  still  be  one  tenth 
of  a  day  too  short.  In  ten  sacli  cycles  or  tlurty  years, 
this  deficiency  would  amount  to  an  entire  day,  and  by  add- 
ing the  day  at  the  end  of  each  tenth  three-year  cycle, 
a  very  near  approach  to  the  tnie  motion  of  the  moon 
will  be  obtained.  This  thirty-year  cycle  wilt  consist  of 
1H()31  days,  while  the  true  length  of  360  lunar  months  is 
10031-0116  days.  The  error  will  not  amount  to  a  day  until 
the  end  of  87  cycles,  or  2610  years,  so  that  this  system  is 
accurate  enough  for  all  practical  purposes.  The  common 
Mohammedan  year  of  354  days  is  composed  of  months 
containing  alternately  30  and  29  days,  the  first  having 
30  and  the  last  29.  In  the  years  of  355  days  the  alter- 
nation is  the  same,  except  that  one  day  is  added  to  the  last 
month  of  the  year. 

Tlie  old  custom  was  to  take  for  the  first  day  of  the 
month  that  following  the  evening  on  which  the  new  moon 
could  first  be  seen  in  the  west.  It  is  said  that  before  the 
exact  arrangement  of  the  Mohainmedan  calendar  had  been 
completed,  tlie  rule  was  that  the  visibility  of  tl»e  crescent 
moon  should  Ihj  certified  by  the  testimony  of  two  wit- 
nesses. The  time  of  new  moon  given  in  our  modern 
ahnanacs  is  that  when  the  moon  passes  nearly  between  us 
and  the  sun,  and  is  therefore  entirely  invisible.  The  moon 
is  generdlly  one  or  two  days  old  before  it  can  be  seen  in  the 
evening,  and,  in  consequence,  tlie  liuiar  month  of  the  Mo- 
hammedans and  of  others  commences  about  two  days  after 
the  actual  almanac  time  of  new  uooo. 
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The  civil  calendar  now  in  nse  throughout  Christendom 
had  its  origin  among  the  Romans,  and  it«  foundation  was 
laid  l)y  Julius  CjKsar.  Before  his  time,  Rome  ciin  hardly  be 
said  to  have  had  a  chronological  Bystem,  the  length  of  tlie 
year  not  being  prescrilxnl  by  any  invariable  rule,  and  be- 
ing therefore  changed  from  time  to  time  to  suit  the  caprice 
or  to  compass  the  ends  of  the  rulers.  Instances  of  this 
tampering  disposition  are  familiar  to  the  historical  student. 
It  is  said,  for  ijistance,  that  the  Ganls  having  to  i>ay  a 
certain  monthly  tribute  to  the  Romans,  one  of  the  govern- 
ors ordered  the  year  to  be  divided  into  14  months,  in 
order  that  the  pay  days  might  refur  niyru  fre(juently.  To 
remedy  tliis,  CjESak  called  in  the  aid  of  Sosioenes,  an  as- 
tronomer of  the  Alexandrian  scliool,  and  by  them  it  was 
arranged  tliat  the  yairshould  consist  of  3(55  days,  with  the 
addition  of  one  day  to  every  fourth  year.  The  old  Roman 
months  were  afterward  adjusted  to  the  Julian  year  in 
such  a  way  as  to  give  rise  to  the  somewliat  irregular 
arnmgement  of  months  which  we  now  have. 

Old  and  New  Styles. — The  mean  length  of  the  Julian 
year  is  3C5J  days,  ul)out  11^  mimites  greater  than  that  of 
tlie  true  efjuinoctial  year,  which  measures  tlie  recurrence 
of  the  seasons.  This  difference  is  of  Httle  practical  im- 
portance, as  it  only  amounts  to  a  week  in  a  tliousand  years, 
and  a  change  of  this  amount  in  tliat  period  is  productive 
of  no  inconvenience.  But,  desirous  to  have  tlie  year  as 
correct  as  possible,  two  clianges  were  introduced  into  the 
calendar  by  Pope  Gkeoouy  XIIL  with  this  object.  They 
were  as  follows  : 

1.  The  day  following  October  4,  1582,  was  called  the 
15tli  instead  of  the  5th,  thus  advancing  the  count  10  days. 

2.  The  closing  year  of  eac-h  century,  1C<W,  1700,  etc., 
instead  of  being  always  a  leap  year,  as  in  the  Jnliaii 
calendar,  is  such  only  when  the  number  of  the  century  is 
divisible  by  4.  Thus  while  1600  remained  a  leap  year,  as 
before,  1700,  1800,  and  1900  wore  to  be  conmion  years. 

This  change  in  the  calendar  was  siwedily  adopted  by  all 
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Catliolic  countries,  and  more  slowly  by  Protestant  ones, 
England  holding  out  until  1752.  In  Russia  it  has  uever 
been  adopted  at  all,  the  Julian  calendar  being  still  con- 
tinued without  change.  The  KuBsiau  reckoning  is  there- 
fore 12  days  behind  ours,  the  ten  days  dropped  in  1582 
being  increaised  by  the  days  drop|x;d  from  the  years  17('() 
and  1800  in  the  new  reckoning.  This  niodidud  calendar 
is  called  the  Gregorian  Cah'ndar,  or  New  Styh,  while  the 
old  system  is  called  tlic  Julian  CaUndar,  or  Old  RUjle. 

It  is  to  be  remarked  that  the  practice  of  commencing 
the  year  on  January  1st  was  not  universal  until  compara- 
tively recent  times.  During  the  first  si.xteen  C4jnturics  of 
the  Julian  calendar  there  was  such  an  absence  of  definito 
niles  on  this  subject,  and  such  a  variety  of  practice  on  the 
jiart  of  Jitferent  iwweii*,  that  the  simple  enumeration  of 
the  times  chosen  hy  various  grtvcnimcnts  and  i-Xintiffs  for 
tlie  commencement  of  the  year  would  make  a  tediouB 
chapter.  The  most  common  times  of  commencing  were, 
perhaps,  March  1st -and  March  22d,  the  latter  being  the 
time  of  the  vernal  eipiinox.  But  January  Ist  gradually 
made  its  way,  and  became  nniversal  after  its  adoption  by 
England  in  1752. 

Solar  Cycle  and  Dominical  Letter. — In  our  clnirch  cal- 
endars January  1st  is  marked  by  the  letter  A,  January  2d 
by  B,  and  so  on  to  G,  when  the  seven  letters  begin  over 
again,  and  are  repeated  through  the  year  in  tlie  same 
order.  Each  letter  there  indicates  the  same  day  of  the 
week  throughout  each  st^iiantte  year,  A  indicating  the  day 
on  which  January  1st  falls,  B  the  day  following,  and  BO 
on.  An  exception  occurs  in  leap  yciirs,  when  Februarj' 
29th  and  March  Ist  are  marke<l  by  the  same  letter,  so  that 
a  change  ocenre  at  the  l)eginning  of  Marcli.  The  letter 
corresponding  to  Sunday  on  this  scheme  is  called  the  Do- 
minical or  Sunday  letter,  and,  when  we  once  know  what 
letter  it  is,  all  the  Suntiays  of  the  year  are  indicated  by 
tliat  letter,  and  hence  all  the  other  days  of  the  week  by 
their  letters.     In  leap  years  there  will  be  two  Dominical 
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letters,  tlmt  for  the  last  ten  months  of  the  year  being  the 
one  next  preceding  the  letter  for  January  and  February. 
In  the  Julian  calendar  the  Dominical  letter  must  always 
recur  at  the  end  of  28  years  (besides  three  recurrences  at 
unequal  intervals  in  the  mean  time).  This  period  is  called 
t!ie  «olar  cycl^,  and  detenuinea  the  days  of  the  week  on 
which  the  days  of  the  month  fall  during  each  year. 

Since  any  day  of  the  year  occurs  one  day  later  in  the 
week  than  it  did  tlie  year  before,  or  two  days  later  wlion 
a  *29th  of  February  has  intervened,  the  Dominical  letters 
recur  in  the  onler  G,  F,  E,  D,  C,  B,  A,  G,  etc.  A 
similar  fact  may  be  expressed  by  saying  that  any  day  of 
the  year  occurs  one  day  later  in  the  week  for  every  year 
that  has  elapsed,  and,  in  addition,  one  day  later  for  every 
29th  of  February  that  has  intervened.  This  fact  will  make 
it  easy  to  calculate  the  day  of  the  week  on  which  any  his- 
torical event  happened  from  the  day  corresponding  in  any 
past  or  future  year.     Let  us  take  the  following  example  : 

On  what  day  of  the  week  was  Washington  Iwrn,  the 
date  being  1732,  Febniary  22d,  knowing  that  February 
22d,  1879,  fell  on  Saturday.  The  interval  is  147  years  : 
dividing  by  4  we  have  a  quotient  of  36  and  a  remainder 
of  3,  showing  that,  had  every  fourth  year  in  the  interval 
been  a  leap  year,  there  were  either  36  or  37  leap  years. 
As  a  February  29th  followed  only  a  week  after  the  date, 
the  number  must  be  37  ;*  but  as  1800  was  dropped  from 
the  list  of  leap  years,  the  number  was  really  only  36. 
Then  147  +  36  =  183  days  advanced  in  the  week.  Di- 
viding by  7,  becatise  the  same  day  of  the  week  recurs 
after  seven  days,  we  find  a  remainder  of  1.  So  Febniarj' 
22d,  1 879,  is  one  day  further  advanced  than  was  February 
22d,  1732;  so  the  fonner  being  Saturday,  Washinotdh 
was  bom  on  Friday. 

•  Perhaps  the  most  convenient  w»y  of  deciding  whether  tlie  remain 
does  or  does  not  indicAtc  an  additional  le:ip  year  is  to  subtntct  it  from  th*] 
lut  date,  and  see  whether  a  Feliniary  OOtb  tlien  intervenes.    Subtract- 
ing 8  years  from  February  22d.  1K70.  we  have  Fehnmry  22d,  1878,^ 
and  a  29tli  occurs  between  tlie  two  dates,  only  a  week  after  the  first. 


DIVISION  OF  THE  DAY 


267 


§  8,    DIVISION  OP  THE  DAT. 

Tlic  division  of  the  day  into  honre  was,  in  ancient  and 
media'val  times,  effected  in  a  way  very  different  from  that 
whidi  we  practice.  Artificial  time-keepers  not  being  in 
general  use,  the  two  fundamental  moments  were  sunrise 
and  simset,  which  marked  tlic  day  as  distinct  from  the 
night.  The  Urst  snlxlivision  of  this  interv.il  was  marked 
hy  the  instant  of  noon,  when  the  sim  was  on  the  meridian. 
The  day  was  thus  suhdividcd  into  two  parts.  The  night 
was  similarly  divided  by  the  times  of  rising  and  culmina- 
tion of  the  various  confitellationB.  ErniPiDES  (4SO-407 
B.C.)  makes  the  chorus  in  lihfsnii  ask  : 

"CHOnrs. — Wliofie  is  the  guard  ?  Who  takes  my  turn  7  TTu  fird 
tiffns  are  mlting.  and  the  Keren  Pla/ideji  nre  in  the  dcy,  and  the  Eiigle  glide* 
midiBay  through  heitren.  Awake!  Why  do  you  ilelay  ?  Awnkc  from 
your  beck  to  waltli  !  Sec  yo  not  the  hrilliiincy  of  the  moon  ?  Mom, 
nuira  indeeil  ia  ujiproachiug,  oaAhil/ur  it  one  of'  the  forerunning  ttttrt." 
— TliL*  TragMlks  of  Euripides.  Litenilly  Translated  by  T.  A.  Buckley. 
London  :  U.  O.  Hohn.     J854.     Vol.  3,  p.  322. 

The  interval  between  sunrise  and  sunset  was  divided 
into  twelve  equal  parts  called  liours,  and  as  this  interval 
varied  with  the  season,  the  length  of  the  liour  varied  also. 
The  night,  whether  long  or  short,  was  divided  into  hours 
of  the  same  character,  only,  when  the  night  hours  were 
long,  those  of  the  day  were  short,  and  rice  rerun.  These 
varialde  hours  were  culh^il  feiajMrniy  funim.  At  the  time 
of  the  equinoxes,  l>oth  the  day  and  the  night  hours  were 
of  the  same  length  with  those  M'e  use — namely,  the  twenty- 
fourtli  part  of  the  day  ;  these  were  therefore  called  equi- 
nitdial  hours. 

The  use  of  these  temporary  liours  was  intimately  as- 
sociated with  the  time  of  beginning  of  the  day.  Instead 
of  conunencing  the  civil  day  at  midnight,  as  we  do,  it  was 
customary  to  commence  it  at  sunset.  The  Jewisli  Sabbath, 
for  instance,  commenced  as  soon  as  the  snn  set  on  Friday, 
ajid  ended  when  it  set  on  Saturday.  This  made  a  more 
distinctive  division  of  the   astronomical    day  than    that 
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which  we  employ,  and  led  natnrally  to  considenng  the 
day  and  the  night  as  two  distinct  periods,  each  to  be  di- 
vided into  12  hours. 

So  long  as  temporary  hours  were  used,  the  beginning  of 
the  day  and  the  beginning  of  the  niglit,  or,  as  we  should 
call  it,  six  o'clock  in  the  morning  and  six  o'clock  in  the 
evening,  were  marked  by  the  rising  and  setting  of  the  sun  ; 
but  wlien  equinoctial  hours  were  introduced,  neither  sun- 
rise nor  suuBct  could  be  taken  to  count  from,  because  both 
varied  too  much  in  the  course  of  the  year.  It  therefore 
became  customary  to  count  from  noon,  or  the  time  at 
whicli  the  sun  passed  the  meridian.  The  old  custom  of 
divnding  the  day  and  the  night  each  into  12  parts  was  con- 
tinued, the  first  12  licing  reckoned  from  midnight  to 
noon,  and  the  second  frpni  noon  to  midnight.  The  day 
was  made  to  commence  at  midnight  rather  than  at  noon 
for  obvious  reai^one  of  convenience,  although  noon  was  of 
couifc  the  point  at  wliicli  the  time  had  to  l>e  determined. 

Equation  of  Time. — To  any  one  who  studied  the  annual 
motion  of  the  sun,  it  must  have  l)cen  quite  evident  that 
the  intervals  betweeu  its  successive  pjissages  over  the 
meridian,  or  between  one  noon  and  the  next,  could  not 
be  the  same  throughout  the  year,  because  the  apparent 
motion  of  the  sun  in  right  ascension  is  not  constajit.  It 
will  be  remembered  that  the  apparent  revolution  of  the 
starry  sphere,  or,  which  is  the  same  thing,  the  diurnal 
revolution  of  the  earth  upon  its  axis,  may  bo  regarded 
as  absolutely  constant  for  all  practical  purposes.  This  rer- 
olntion  is  measured  around  in  right  ascension  as  explained 
in  the  opening  chapter  of  this  work.  If  the  sun  increased 
its  right  ascension  by  the  same  amount  every  day,  it  would 
pass  the  meridian  3'"  56'  later  every  day,  as  measured  by 
sidereal  time,  and  lience  the  intervals  between  successive 
passages  would  be  equal.  But  the  motion  of  the  sun  in 
right  ascension  is  unequal  from  two  causes  :  (1)  the  un- 
equal motion  of  the  earth  in  its  annual  revolution  around 
it,  arising  from  the  eccentricity  of  the  orbit,  and  (2)  the 
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obliquity  of  the  ecliptic.  How  the  first  cause  produces  an 
inequality  is  obvious,  and  its  approximate  amount  is  readily 
computed.  We  have  seen  that  the  augular  velocity  of  a 
planet  around  the  sun  i8  inversely  as  the  square  of  its  ra- 
dius vector.  Taking  the  distance  of  the  earth  from  the  sun 
as  unity,  and  putting  e  for  the  eccentricity  of  its  orbit,  its 
greatest  distance  about  the  cud  of  Jiuio  is  1  + «;  =  1-0168, 
and  its  least  distance  about  the  end  of  December  is 
1—0-0168.  The  squares  of  these  quantities  are  1 -034  and 
1  —  03+  very  nearly  ;  tlierefore  the  motion  is  about  one 
thirtieth  greater  than  the  iiieau  in  December  and  one 
thirtieth  less  in  Jime.  The  mean  motion  is  3'"  56'  ;  the 
actual  motion  therefore  varies  from  3""  48'  to  4"  4'. 

The  effect  of  the  obHquity  of  the  ecliptic  is  still  greater. 
When  the  sun  is  near  the  equinox,  its  motion  along  the 
ecliptic  makes  an  angle  of  23^°  with  the  parallels  of  dec- 
lination. Since  its  motion  in  right  ascension  is  reckoned 
along  the  parallel  of  declination,  we  see  that  it  is  equal  to 
the  motion  in  longitude  multipUed  by  the  cosine  of  23^°. 
This  cosine  is  less  than  unity  by  about  •  07 ;  therefore 
at  the  times  of  the  e»iuinox  the  mean  motion  is  diminished 
by  this  fraction,  or  by  20  seconds.  Therefore  the  days 
are  then  20  seconds  shorter  than  they  would  be  were  there 
no  obliquity.  At  the  solstices  the  opposite  effect  is  pro- 
duced. Here  the  different  meridians  of  right  ascension 
are  nearer  together  than  they  are  at  the  equator  in  the 
proportion  of  the  cosine  of  234"  to  unity  ;  therefore,  when 
the  sun  moves  through  one  degree  along  the  ecliptic,  it 
changes  its  right  ascension  by  1  •  08°  :  here,  therefore,  the 
days  are  about  19  seconds  longer  than  they  would  be  if  the 
obliquity  of  the  ecliptic  was  zero. 

We  thus  have  to  recognize  two  slightly  different  kinds 
of  days  :  8olar  days  and  mean,  days.  A  solar  day  is  the 
interval  of  time  between  two  successive  transits  of  the  sun 
over  the  same  meridian,  wliile  a  mean  day  is  the  mean  of 
all  the  solar  days  in  a  year.  H  we  had  two  clocks,  the 
one  going  with  perfect  uniformity,  but  regulated  so  as  to 
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keep  as  near  the  sun  as  possible,  and  the  other  changing 
its  rate  so  us  to  always  follow  the  suu,  tlie  latter  would  gain 
or  lose  on  the  foniier  by  iuiiounta  sometimes  rising  to  22 
seconds  in  a  day.  The  iieciuuuliitiun  of  these  variations 
through  a  period  of  sevenil  nioutlis  would  lead  to  such 
deviations  that  the  sun-clock  would  be  1+  minutes  slower 
than  the  other  during  the  tii-st  half  of  Fel)ruary,  and  Iti 
minutes  faster  during  the  lirst  week  in  November.  The 
time-keejicrs  formerly  used  were  so  imperfect  that  theso 
incr^ualities  in  tlie  solar  day  were  nearly  lost  in  the  neces- 
sary irregularities  of  the  rate  of  the  clock.  All  clocks 
wero  therefore  set  by  the  sun  as  often  as  was  found  neces- 
sary or  convenient.  But  during  the  last  century  it  was 
found  liy  jistronomei's  tiiat  tin-  use  of  units  of  time  vary- 
ing in  this  way  led  to  much  inconvenience  ;  they  there- 
fore substituted  mean   time   for  solar  or  apjiarent  time. 

Mean  time  is  s^o  mea-surcd  that  the  hours  and  days  shall 
always  be  of  the  same  leugth,  iuul  shall,  on  the  average,  be 
as  much  behind  the  sun  Jis  ahead  of  it.  We  may  imagine 
a  fictitious  or  mean  sun  moving  along  tlie  equator  at  the 
rate  of  3"'  iJd'  in  right  ascension  csi^ry  day.  Mean  time 
will  then  he  measured  by  the  piissage  of  this  fictitious  sun 
across  the  meridian.  Apparent  time  was  used  in  ordinary 
hfe  after  it  was  given  up  by  astronomers,  because  it  was 
very  easy  to  set  a  clock  from  time  to  time  as  tlie  snn 
jmssed  a  noon-nuu'k.  Ihit  when  the  clock  was  so  far  im- 
proved that  it  kept  much  better  time  than  the  snn  did,  it 
was  found  troublesome  to  keep  putting  it  backward  and 
forward,  so  as  to  agree  with  the  sun.  Thus  mean  time 
was  gradually  introduced  for  all  the  purixises  of  ordinary 
life  except  in  very  remote  country  districts,  where  the 
farmers  may  find  it  more  troublesome  to  allow  for  an  equa- 
tion of  time  than  to  set  their  clocks  by  the  sun  every  few 
daj-s. 

The  common  household  almanac  should  give  the  equa- 
tion of  time,  or  the  mean  time  at  which  the  sun  passes  the 
meridian,  on  each  day  of  the  year.  Then,  if  any  one  wishes 
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to  act  his  clock,  he  knows  the  moment  of  the  sun  passing 
the  meridian,  or  being  at  some  noon-mark,  and  sets  liis 
time-piece  accordingly.  For  all  pnqrosefi  where  accnrate 
time  is  re(iuired,  recourse  must  be  iiad  to  astronomical  ob- 
servation. It  is  now  customary  to  send  time-signals  every 
day  at  noon,  or  some  other  hour  agreed  npon,  from  obser- 
vatories along  the  principal  lines  of  telegraph.  Thus  at 
the  present  time  the  moment  of  Wa.sliington  noon  is  sig- 
nalled to  New  York,  and  over  the  principal  lines  of  rail- 
way to  the  Soutli  and  West.  Each  person  within  reach  of 
a  telegraph-office  can  then  dctennine  his  local  time  by  cor- 
recting these  signals  for  the  difference  of  longitude. 


§  4.    BEBIAHKB  ON  IMPROVIWG  THE  CALENDAB. 

It  is  an  interesting  question  whether  our  calendar,  this 
product  of  the  growth  of  ages,  which  we  have  so  rapidly 
described,  would  admit  of  decided  improvement  if  we 
were  free  to  make  a  new  one  with  the  improved  materials 
of  modern  science.  This  question  is  not  to  be  hastily  an- 
swered in  the  affirmative.  Two  small  improvements  are 
undoubtedly  practicable  :  (1)  a  more  regular  division  of 
tlie  365  days  among  the  months,  giving  February  30  days, 
and  so  having  months  of  30  and  31  daj's  oidy  ;  (2)  putting 
the  ailditiorial  day  of  leap  year  at  tlic  end  of  the  year  in- 
stead of  at  the  end  of  Febniary.  The  smallest  change 
from  our  present  system  would  be  made  I)y  taking  the  two 
additional  days  for  Febniary,  the  one  from  the  end  of 
July,  and  the  other  from  the  end  of  December,  leaving 
the  last  with  30  days  in  common  years  and  31  in  leap 
years.  When  we  consider  more  radical  changes  than  this, 
we  find  advantages  set  off  by  dis-advantages.  For  in- 
stance, it  woidd  on  some  accounts  l)e  very  convenient  to 
divide  the  year  into  13  months  of  4  weeks  each,  the  last 
month  having  one  or  two  extra  days.  The  months  woidd 
then  ]>egin  on  the  same  day  of  the  week  through  each 
year,  and  would  admit  of  a  lunch  more  convenient  subdi- 
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vision  into  halves  and  qnarters  than  thcj  tlo  now.  But  the 
year  would  not  admit  of  such  a  subdivision  without  di^-id- 
ing  the  niontlis  also,  and  it  is  poKsihIe  that  tliis  inconven- 
ience would  halanee  tlic  cfnivcnieuces  of  the  plan. 

An  actual  attempt  in  modern  times  to  form  an  entirely 
new  calendar  is  of  sufficient  historic  interest  to  \>e  men- 
tioncfl  in  this  connection.  We  refer  to  the  so-called  Repnb- 
Hcan  (Jalciular  of  revolutionary  France.  The  year  some- 
times had  3(55  and  sometimes  366  days,  but  instead  of 
having  the  leap  yeare  at  deiined  intervals,  one  was  inserted 
whenever  it  uriglit  be  necessary  to  make  the  autumnal 
Cfpiinox  fall  on  the  first  day  of  the  year.  The  division  of 
the  year  was  eiTected  after  the  plan  of  the  ancient  Egyp- 
tians, there  being  12  months  of  30  days  each,  followed  by 
5  or  0  supplementary  days  to  complete  the  year,  which 
were  kept  as  feast-days.*  The  si.xth  day  of  course  occur- 
red only  in  the  leap  years,  or  Franciads  as  they  were  call- 
ed. It  was  eaUeil  the  Day  of  the  Revolution,  and  was  set 
apiirt  for  a  quadrennial  oath  to  reuuiiu  free  or  die. 

No  attempt  was  made  to  tit  the  new  calendar  to  the  old 
one,  or  to  render  the  change  natural  or  convenient.  Tlie 
year  began  with  the  antutnnal  cijuiiio.x,  or  Septemlter  22<1 
of  the  Gregorian  cjilendar  ;  entirely  new  names  were 
given  to  the  months  ;  the  week  was  abolished,  and  in  lieu 
of  it  the  month  was  divided  into  ihree  deca<le8,  the  last  or 
tenth  day  of  each  decade  being  a  holiday  set  apart  for  the 
adoration  of  some  sentiment.  Even  the  di  visioji  of  the  day 
into  24  hours  was  d(»ne  away  with,  and  a  division  into 
ten  liours  was  substituted. 

The  Republican  Calendar  was  formed  in  1793,  the  year 
1  conunencing  on  Septend)er  22d,  17i>2,  and  it  was 
abolished  <>n  January  lat,  1806,  after  13  years  of  con- 
fusion. 


*  They  rc:-eived  the  nickname  of  *an»-tuMMf*,  from  the  opponents 
of  the  ucw  aalua  of  things. 
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<^  6.  the  astbonomicali  efhkbckris,  or  kku- 
ticaIj  almanac. 

The  Asiron&mical  EpJiemeris,  or,  as  it  is  more  com- 
monly called,  tbe  Nautical  Almanac,  is  a  work  in  which 
celestial  phenomena  and  the  j)06itions  of  the  lieuvenly 
bodies  are  computed  in  advance.  The  need  of  such  a  work 
must  have  been  felt  by  navigators  and  astronomers  from 
the  time  that  astronomical  predictions  becjimc  eufficicntly 
accurate  to  enable  them  to  determine  their  jxjsition  on  the 
surface  of  tlie  earth.  At  first  works  of  this  class  were  pre- 
pared and  published  by  individual  iustronomers  who  had 
the  taste  and  leisure  for  this  kind  of  labor.  Man'fkedi, 
of  Bomi,  published  Ei>h<;m>erldes  in  two  volumes,  which 
gave  tlie  principal  aspects  uf  the  heavens,  the  positions  of 
the  stars,  planets,  etc.,  from  1715  until  1725.  This  work 
included  maps  of  the  civilized  world,  sliowing  the  patlis  of 
the  principal  eclipses  during  this  interval. 

The  usefulness  of  snch  a  work,  especially  to  the  naviga- 
tor, depends  upon  its  regular  appearance  on  a  uniform  plan 
and  upon  the  fulness  and  accuracy  of  its  data  ;  it  w:is  there- 
fore necessary  that  its  issue  should  be  taken  up  as  a  gov- 
ernment work.  Of  works  of  this  clsuss  still  issued  the 
earliest  was  the  C'ounainsanre  dcs  Temps  of  France,  the 
first  volume  of  which  was  j)ublisbcd  by  Picako  in  1675), 
and  which  has  been  continued  without  interruption  until 
the  ])re8ent  time.  The  publication  of  the  British  Nautical 
AliitAirmc  was  commenced  in  the  year  17t>7  on  the  repre- 
sentations of  the  Astronomer  lloyal  showing  that  such  a 
work  would  enable  the  navigator  to  determine  his  longi- 
tude within  one  degree  by  observations  of  the  moon.  An 
astronomical  or  nautical  almanac  is  now  published  annually 
by  each  of  the  governments  of  Germany,  Spaiai,  Portugal, 
France,  Great  Britain,  and  the  United  States.  They  have 
gradually  increased  in  size  and  extent  with  the  advancing 
wants  of  the  astronomer  until  those  of  Great  Britain  and 
this  country  liave  become  octavo  volumes  of  between  500 
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and  000  pageB.  These  two  are  pnblished  three  jtmn 
more  Ticforehand,  in  order  that  navigators  going  on 
voyages  rnaj  snpplj  themeelves  in  advance.  The 
can  Ephemeria  atid  Sautical  Almanac  has  been  regnlar- 
\y  paltlished  since  1855,  the  first  rolnme  being  for  thmt 
jear.  It  is  designed  for  the  nse  of  navigators  the  world 
over,  and  the  greater  part  of  it  is  especially  arranged  for 
the  nse  of  astronomers  in  the  United  States. 

The  immediate  object  of  publications  of  this  class  is  to 
enable  the  wa^'farer  and  traveller  npon  land  and  the  Toy- 
agcr  upon  the  ocean  to  determine  their  positions  by  obser- 
vations of  the  heavenly  Ixidies.  iVstronoiiiical  instruments 
and  methods  of  calculation  have  been  brought  to  such  a 
d^;ree  of  perfection  tliat  an  astronomer,  armed  with  a  naa- 
tical  almanac,  a  chronometer  regulated  to  Greenwich  or 
Washington  time,  a  catalogue  of  stars,  an<l  the  necessaiy 
inetmments  of  observation,  can  determine  his  position  at 
any  point  on  the  earth's  surface  within  a  hundred  yards 
by  a  single  night's  observations.  If  liis  chronometer  is 
not  so  regulated,  he  can  still  determine  his  latitude,  but  not 
his  longitude.  lie  could,  however,  obtain  a  rough  idea 
of  the  latter  by  observations  upon  the  planctis,  and  come 
within  a  very  few  miles  of  it  by  a  single  observation  on 
the  moon. 

Tlie  Ephemeris  furnishes  the  fundamental  data  from 
which  all  our  household  almanacs  arc  calculated. 

The  principal  quantities  given  in  the  American  Ephemeris  for 
eaoh  year  are  as  follows  : 

The  ))0!iitions  of  the  sun  and  the  principal  large  planets  for  Oreea- 
wich  noon  of  every  day  in  each  year. 

The  right  ascension  and  declination  of  the  moon's  centre  for 
every  hour  iu  the  year. 

Tbo  distance  of  the  moon  from  certain  bright  stars  and  planeta 
for  every  third  hour  of  the  year. 

The  right  asccnhions  and  declinations  of  upward  of  two  hundred 
of  the  bnghter  fixed  stars,  corrected  for  precession,  nutation,  and 
aberration,  for  every  ten  days. 

The  positions  of  the  principal  planets  at  every  visible  transit  over 
the  meridian  of  Washin>?ton. 

Complete  elements  of  all  the  eclipses  of  the  sun  and  moon,  with 
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maps  showing  tha  passage  of  the  moon's  shadow  or  penumbra  over 
those  regions  of  the  earth  where  the  eclipses  will  be  visible,  and 
tables  whereby  the  phases  of  the  eclipsM  can  be  accurately  com- 
puted for  any  place. 

Tables  for  predicting  the  occultationa  of  stars  by  the  moon. 

Eclipses  of  Jupiter' t  satellites  and  miscellaneous  phenomena. 

To  give  the  reader  a  still  further  idea  of  the  Bphemeri*,  we  pre- 
sent a  small  portion  of  one  of  its  pages  for  the  year  1862  : 

Fkbbuart,  1882 — AT  QRBKirwicH  Meah  Noon. 
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Of  the  same  general  nature  with  the  Ephemeris  are  catalogues  of 
the  fixed  stars.  The  object  of  such  a  catalogue  is  to  give  the  right 
ascension  and  declination  of  a  number  of  stars  for  some  epoch,  the 
beginning  of  tlio  year  1875  for  instance,  with  the  data  by  which  the 
position  of  a  star  can  be  found  at  any  other  epoch.  Such  cata- 
logues are,  however,  imperfect  owing  to  the  constant  small  changes 
in  the  positions  of  the  stars  and  the  errors  and  imperfc>ctions  of  the 
older  observations.  In  consequence  of  these  imperfections,  a  consid- 
erable part  of  the  work  of  the  astronomer  engaged  in  accurate  de- 
terminations of  geographical  positions  consist  in  finding  the  most 
accurate  poaitions  of  the  stars  which  be  makes  use  of. 
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PART  n. 

THE  SOLAR  SYSTEM  IN  DETAIL. 


CHAPTER   I. 
STRUCTURE  OP  THE  SOLAR    SYSTEM. 

The  Bolar  system,  as  it  is  known  to  lis  through  the  dis- 
coveries of  CoPEBNicus,  Kepler,  Newton  aud  their  buc- 
cessors,  consists  of  the  sun  as  a  central  body,  around  which 
revolve  the  major  and  minor  planets,  with  their  satellites, 
a  few  periodic  comets,  and  an  unknown  number  of  meteor 
swarms.  These  are  permanent  ineniliers  of  the  system. 
At  times  other  comet«  appear,  and  move  usually  in  par- 
abolas through  the  system,  around  the  sun,  and  away  from 
it  into  space  again,  thus  visiting  the  system  without  be- 
ing pennanent  members  of  it. 

Tlie  bodies  of  the  system  may  be  classified  as  follows  : 

1.  The centrallwdy — the  Sun. 

2.  The  four  inner  planeta — Mercury,  Veniu,  the  Earth, 
Mars. 

3.  A  group  of  small  planets,  sometimes  called  j4»<leroiVfc, 
revolving  outside  of  the  orljit  of  Mars. 

4.  A  group  of  four  outer  planets — Jupiter,  Saturn, 
Uranus,  and  Neptune. 

5.  The  satellites,  or  secondary  bodies,  revolving  about 
the  planets,  their  primaries. 

6.  A  number  of  comets  and  meteor  swarms  revolving 
in  yery  eccentric  orbits  about  the  Sim. 
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Tlie  eight  planeta  of  Groups  2  aiid  4  are  sometimes 
classed  togetlier  ae  the  viajor  planeta,  to  distinguish  them 
from  the  two  hundred  or  more  minor  planets  of  Group  3. 
The  formal  definitions  of  the  various  classes,  laid  down 
by  Sir  William  Hekschel  in  1802,  are  worthy  of  repe- 
tition : 

Planets  are  celestial  bodies  of  a  certain  very  consider- 
able size. 

They  move  iu  not  very  eccentric  ellipses  about  the 
sun. 

The  planes  of  their  orbits  do  not  deviate  many  degrees 
from  the  plane  of  the  earth's  orbit. 

Their  motion  about  the  sim  is  direct. 

They  may  have  satellites  or  rings. 

They  have  atmospheres  of  considerable  e.xtctit,  which, 
however,  lx>ar  hardly  any  sensible  proportion  to  their 
diameters. 

Their  orbits  are  at  certain  considerable  distances  from 
each  other. 

Asteroids,  now  more  generally  known  as  small  or 
minor  plafwfji,  are  celestial  bodies  which  move  altout  the 
sun  in  orbits,  cither  of  little  or  of  considerable  eccen- 
tricity, the  planes  of  which  orbits  may  be  inclined  to  the 
ecliptic  in  any  angle  whatsoever.  They  may  or  may  not 
have  considerable  atTuosphcres. 

Comets  are  celestial  bodies,  generally  of  a  very  small 
mass,  though  how  far  this  may  Ijc  limited  is  yet  un- 
known. 

They  move  in  very  eccentric  ellipses  or  in  parabolic 
arcs  about  the  sun. 

The  planes  of  their  motion  admit  of  the  greatest  variety 
in  their  situation. 

The  direction  of  their  motion  is  also  totally  undeter- 
mined. 

They  have  atmospheres  of  very  great  extent,  which 
show  themselves  in  various  forms  as  tails,  coma,  haziness, 
ytc 
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B«lative  Sizes  of  the  Planets.— TLo  comparative  sizes  of 
the  major  planeta,  aa  they  would  appear  to  an  observer 
situated  at  an  equal  distance  from  all  of  tbeni,  is  given  in 
the  following  figtire. 


Pig.  74. — relativk  bize«  or  the  flakktsl 

■The  relative  apparent  inagnitudei>  of  the  sun,  as  seen 
from  the  various  planets,  is  shown  in  the  next  lignre. 
J^lora  and  Mnemosyne  are  two  of  the  asteroids. 

rions  relation  between  the  distances  of  the  planets, 
Bode's  law,  deserves  mention.     If  to  the  nnm- 

\  8,  6,  12,  24,  48,  96,  192,  384, 
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each  of  which  (the  second  excepted)  is  twice  the  preced- 
ing, we  add  4,  we  obtain  the  series, 

4,  r,  10,  16,  28,  52,  100,  196,  388. 

These  last  numbers  represent  approximately  the   di»> 


Pig.  75. — atpaaknt  maunitioks  op  the  buk  as  seek  frooc 
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tances  of  the  planets  from  the  sun  (except  for  Neptune^ 
which  was  not  discovered  when  the  so-called  law  wa« 
nonnced). 

This  is  shown  in  the  following  table  : 
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PLAMSn. 

Actual 
DUlaooe. 

Bode's  Law, 

8-9 
7-2 

10-0 
13-2 
27-7 
52-0 
95-4 
101-8 
SOO-4 

4-0 

Venus 

7-0 

Earth 

10-0 

Mara 

160 

rcerea] 

280 

Jupiter 

020 

Saturn 

100.0 

Uranus 

106-0 

3880 

It  will  be  observed  that  Neptune  does  not  fall  within 
this  ingenious  Bcheme.     Ceres  is  one  of  the  minor  planets. 

The  relative  brightness  of  the  miii  iuid  the  varions 
planets  lias  been  nicasared  l>y  ZiiLLNKu,  and  the  results 
are  given  below.  The  column  per  cent  shows  the  per- 
centage of  error  indicated  in  tlic  separate  results  : 
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The  differences  in  the  density,  size,  mass  and  distance 
of  the  several  planets,  and  in  the  amount  of  solar  h'ght 
and  heat  which  they  receive,  are  immense.  The  distance 
of  Neptune  is  eighty  times  tliat  of  Mercury,  and  it  re- 
ceives only  j^>5^  as  much  light  and  heat  from  the  sun. 
The  density  of  the  earth  is  about  six  times  that  of  water, 
while  Saturn's  mean  density  is  less  than  that  of  water. 

The  mass  of  the  sun  is  far  greater  than  that  of  any 
single  planet  in  the  system,  or  indeed  than  the  combined 
mass  of  all  of  them.  In  general,  it  is  a  remarkable  fact 
that  the  mass  of  any  given  planet  exceeds  the  sum  of  the 
masses  of  all  the  planets  of  lees  mass  than  itself.     This  ii} 
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shown  in  the  following  talile,  where  the  masses  of  tlie  plan- 
ets are  taken  as  fractions  of  tlie  sun's  mass,  which  we  here 
express  as  1,000,000,000; 
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The  total  mass  of  the  small  planets,  like  their  number, 
is  unknown,  but  it  is  probably  less  than  one  thousandth 
that  of  our  earth,  and  would  hardly  increase  the  sum  total 
of  the  above  masses  of  the  solar  system  by  more  tiiun  one 
or  two  units.  The  sun's  mass  is  thus  over  70()  times  that 
of  all  the  oUier  bodies,  and  hence  tlie  fact  of  its  central 
position  in  the  solar  system  is  explained.  In  fact,  the 
centre  of  gravity  of  the  whole  solar  system  is  very  little 
outside  the  body  of  the  sun,  and  will  be  inside  of  it  when 
Jupiter  and  Saturn  are  in  opposite  directions  from  it. 

Planetary  Aapecta. — The  motions  of  the  planets  about 
the  sun  have  been  explained  in  Chapter  IV.  From  what 
is  there  said  it  appears  that  the  best  time  to  see  one  of  the 
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onter  planets  will  be  when  it  is  in  oppoBition — that  is,  when 
ita  geocentric  longitiulo  or  its  right  asfension  differs  180° 
or  12''  from  that  of  the  sun.  At  such  a  time  tlie  phinet 
will  rise  at  sunset  and  culminate  at  midnight.  During  t!ie 
three  months  following  opposition,  the  planet  will  rise  from 
three  to  six  minutes  earlier  every  day,  so  tliat,  knowing 
when  a  planet  is  in  opposition,  it  is  easy  to  find  it  at  any 
other  time.     For  example,  a  month  after  opptwition  the 
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planet  will  be  two  to  three  hours  high  about  sunset,  and 
will  culminate  about  nine  or  ten  o'clock.  Of  course  the 
inner  planets  never  come  into  opposition,  and  hence  are 
best  seen  about  the  times  of  their  greatest  elongations. 

The  above  figure  gives  a  rough  plan  of  part  of  the 
solar  systcTH  as  it  would  appear  to  a  spectator  iuunediately 
above  or  b«low  the  plane  of  the  ecliptic. 


It  is  drawn  approximately  toBcale,  the  mean  distance  of 
the  earth  (=  1)  Ijeiiig  half  an  ineli.  The  mean  distance  of 
JSaium  would  be  4*77  inches,  of  Uranvn  9-59  inohes,  of 
Neptune  15-03  inches.  On  the  same  scjile  the  distance  of 
the  nearest  fixed  star  would  be  103,133  inches,  or  over  one 
and  oue  half  miles. 

The  arrangement  of  the  planets  and  satellites  is  then — 


Tbe  Inner  Gronp, 
Mercury. 
Venus. 

Earth  and  Moon. 
Mara  and  2  moons. 


Aiterolds. 

200  minor  planets, 

and    probably 

many  more. 


The  Outer  Oronp. 
Jupiter  and  4  moons. 
Saturn   and  6  iiiooita. 
Uranui!  and  4  moons. 
Neptunu  and  1  moon. 


To  avoid  repetitions,  the  elements  of  the  major  planets 
and  other  data  are  collected  into  the  two  following  tables, 
to  which  reference  may  be  made  by  the  student.  Tho 
units  in  terms  of  which  the  various  quantities  are  given 
are  those  familiar  to  us,  as  miles,  days,  etc. ,  yet  some  of 
the  distances,  etc.,  are  so  immensely  greater  than  any 
known  to  our  daily  experience  that  we  must  have  recourse 
to  illustrations  to  obtain  any  idea  of  them  at  all.  Tor  ox- 
ample,  tho  distance  of  the  sun  is  said  to  be  92  i  mill  ion 
miles.  It  is  of  importance  that  some  idea  should  bo  had 
of  this  distance,  as  it  is  the  unit,  in  terms  of  which  not 
only  the  distances  in  the  solar  system  are  expressed,  but 
which  serves  as  a  basis  for  measures  in  the  stellar  universe. 
Thus  when  we  say  that  the  distance  of  tho  stars  is  over 
200,000  times  the  mean  distance  of  the  sun,  it  becomeg 
necessary  to  see  if  some  cx>nception  can  be  obtained  of  one 
factor  in  this.  Of  the  abstract  number,  92,500,000,  we 
have  no  conception.  It  is  far  too  great  for  us  to  have 
counted.  We  liave  never  taken  in  at  one  view,  even 
a  million  similar  discrete  objects.  To  count  from  1  to 
200  requires,  with  very  rapid  counting,  60  seconds.  Snp> 
pose  this  kept  up  for  a  day  without  interraiseion  ;  at  the 
end  we  should  have  counted  288,000,  which  is  about  j^ 
of  92,500,000.  Hence  over  10  months'  unintomipted 
counting  by  night  and  day  would  be  required  simply  to 
enumerate  the  mile*,  and  long  before  the  expiration  of 
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the  task  all  idea  of  it  would  have  vaniahed.  We  may  take 
other  and  perhaps  more  striking  examples.  We  know, 
for  instajice,  that  the  time  of  the  fastest  expreas-traina  be- 
tween New  York  and  Chicago,  which  average  iO  miles  per 
hour,  is  about  a  day.  Suppose  such  a  train  to  start  for 
the  eun  and  to  continue  running  at  this  rapid  rate.  It 
would  take  303  years  for  the  journey.  Three  hundred 
and  sixty-three  years  ago  there  was  uot  a  European  settle- 
ment in  America. 

A  cannon-ball  moving  continuously  across  the  intei^en- 
lug  space  at  its  highest  speed  would  require  about  nine 
years  to  reach  the  sun.  The  report  of  the  cannon,  if  it 
could  be  conveyed  to  the  siui  with  the  velocity  of  sound  in 
ail',  would  arrive  there  five  years  after  the  projectile. 
Such  a  distiuice  is  entirely  inconceivable,  and  yet  it  is 
only  a  small  fraction  of  those  with  which  astronomy  has  to 
deal,  even  in  our  own  system.  The  distance  of  Neptutxa 
is  30  times  as  great. 

If  we  examine  the  dimensions  of  the  various  orbs,  we  meet 
almost  cijuiilly  iticoneeivabie  numbers.  The  diameter 
of  the  sun  is  dtiO,OUO  miles  ;  its  radius  is  but  430,000,  and 
yet  this  is  nearly  twice  the  mean  distance  of  the  moon 
from  the  earth.  Try  to  conceive,  in  looking  at  the  moon 
in  a  cleai-  sky,  that  if  the  centre  of  the  sim  could  be 
placed  lit  the  centre  of  the  earth,  the  moon  would  be  far 
within  the  sun's  surface.  Or  again,  conceive  of  the  force 
of  gravity  iit  the  surface  of  the  various  bodies  of  the  sys- 
tem. At  the  sun  it  is  nearly  28  times  that  known  to  us. 
A  pendulum  beatuig  seconds  here  would,  if  transported 
to  the  Hiin,  vibrate  with  a  motion  more  rapid  than  that  of 
a  watch- balance.  The  muscles  of  the  strongest  man  would 
not  support  him  erect  on  the  surface  of  the  sun :  even 
lying  down  he  would  crush  himself  to  death  under  his 
own  weight  of  two  tons.  We  may  by  these  illustrations 
get  some  rough  idea  of  the  meaning  of  the  numbers  in 
these  tables,  and  of  the  incapabiHty  of  our  hmited  ideas  to 
comprehend  tlie  true  dimensions  of  even  the  solar  system. 
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CHAPTER  ir. 

THE    SUN. 
%  1.    GKHTEEAL  SUMMARY. 

To  the  student  of  tlie  present  time,  armed  with  the 
powerful  means  of  research  devised  by  modem  science, 
the  sun  presents  ]jhenoniena  of  a  very  varied  and  complex 
chai-aeter.  To  enable  tlie  nature  of  these  phenomena  to  be 
clearly  understood,  we  preface  our  accoimt  of  the  physical 
constitution  of  the  sun  by  a  brief  Bununary  of  the  main 
features  seen  in  connection  witli  that  body. 

Photosphere. — To  the  eimple  vision  tlie  sun  presents 
the  aspect  of  a  brilliant  splicre.  The  visible  sliining  *i/r- 
fac^  of  this  spliere  is  called  the  photosphere,  to  distinguish 
it  from  the  body  of  the  sun  as  a  whole.  The  apparently 
flat  surface  presented  by  a  view  of  the  photosphere  is  called 
the  sun's  disk. 

Spots. — When  the  photosphere  is  examined  with  a  tele- 
scope, small  dark  patclies  of  varied  and  irregular  outline 
are  frequently  found  upon  it.  These  are  called  the  aolar 
spots. 

Rotation. — When  the  spots  are  observed  from  day  to 
dav,  they  are  found  to  move  over  the  sun's  disk  in  such  a 
way  as  to  show  that  the  sun  rotates  on  its  axis  in  a  period 
of  25  or  26  days.  The  sun,  therefore,  has  (uris,  poles,  and 
eijuator,  like  the  earth,  the  axis  being  the  line  around 
which  it  rotates. 

Faoulee. — Groups  of  minute  specks  brighter  than  the 
general  surface  of  the  sun  are  often  seen  in  the  neighbor- 
hood  of  spots  or  elsewhere.     Tliey  are  called/*fX<rM/«e. 
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Chromosphere,  or  Sierra. — The  solar  pbotoephere  is 
covered  hy  a  lajer  of  plowing  vapors  aiid  gases  of  very  ir- 
regular depth.  At  the  bottom  lie  the  vapors  of  many 
metals,  iron,  etc.,  volatilized  by  the  fervent  heat  which 
reigns  there,  while  the  upper  portions  are  composed  prin- 
cipally of  hydrogen  gaj?.  This  vaporous  atmosphere  is 
commonly  called  the  chromxt^phere,  sometimes  the  »ierra. 
It  is  entirely  invisible  to  direct  vision,  whether  with  the 
telescope  or  naked  eye,  except  for  a  few  seconds  about 
the  beginning  or  end  of  a  total  eclipse,  but  it  may  be  seen 
on  any  clear  day  through  the  spectroscope. 

Prominences,  Protuberances,  or  Bed  Flames. — Tlie 
gases  of  the  chromosphere  are  frequently  thrown  up  in 
irregular  masses  to  vast  heights  al>ove  the  photosphere,  it 
may  be  50,000,  1(X),000,  or  even  2(K>,0(X)  kilometres. 
Like  the  chromosphere,  these  masses  have  to  he  studied 
with  the  hpectroscope,  and  ejin  never  l>e  directly  seen  ex- 
cept when  the  sunlight  is  cut  off  by  the  intervention  of  the 
moon  (luring  a  total  eclipse.  They  are  then  st-en  as  rose- 
colored  flames,  or  piles  of  bright  red  clouds  of  irregular 
and  fantastic  shapes.  They  are  now  usually  called  "  prom- 
inences" by  the  English,  and  "  protuberances"  by 
French  writers. 

Corona. — During  total  echpses  the  snn  is  seen  to  be  en- 
veloped by  a  mass  of  soft  white  light,  much  fainter  than 
the  chromosphere,  and  extending  out  on  all  sides  far  be- 
yond the  highest  prominences.  It  is  brightest  around  the 
edge  of  the  sun,  and  fades  off  toward  its  outer  iKjundary, 
by  insensible  gradations.  This  halo  of  light  is  called  the 
corona,  and  is  a  very  striking  object  during  a  total  eclipse. 


§  2.    THE  PHOTOSPHERE, 

Aspect  and  Structure  of  the  Photosphere. — The  disk 
of  the  sun  Is  circular  in  shajie,  no  matter  what  side  of  the 
sun's  glolx!  is  tunicd  toward  us.  whence  it  follows  that  tlie 
euu  itself  is  a  sphere.     The  aspect  of  the  disk,  when 
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viewed  with  the  naked  eyo,  or  with  a  telescope  of 
low  power,  is  that  of  a  unifonn  hright,  shining  surface, 
hence  called  the  pho(oi*phcn\  With  a  tele8('oi>e  of 
higher  power  tJie  photosphere  is  seen  to  he  diversified 
with  groups  of  spots,  and  under  good  conditions  the 
whole  mass  has  a  mottled  or  cairdled  a{)pearance.  This 
mottling  is  caused  Ly  the  presence  of  cloud-like  forms, 
whose  outlines  though  faint  are  yet  distinguishablo. 
The  background  is  also  covered  with  small  white  dots 
or  foniis  still  smaller  than  the  clouds.  These  are  the 
"  rice-grains,"  so  called.  The  cloiids  themselves  are 
composed  of  small,  intensely  hriglit  bodies,  irre^ilarly 
distributed,  of  tolerably  detinite  filia])es,  which  seem  to  Ikj 
suspended  in  or  superposed  on  a  darker  medium  or  back- 
ground. The  spaces  between  the  bright  dots  vary  in 
diameter  frun;  2'  to  4*  (about  14U(»  to  2800  kilome- 
tres). The  rice-grains  themselves  have  been  seen  to 
be  composed  of  smaller  gnmutes,  sometimes  not  more 
than  0'-3  (135  nules)  in  diameter,  clustered  together. 
Thus  there  have  been  seen  at  least  three  orders  of 
aggregation  in  the  brighter  parts  of  the  photosphere  : 
the  larger  cloud-like  forms  j  the  rice  grains ;  and,  small- 
est of  all,  the  granules.  These  forms  have  been  studied 
with  the  telescope  by  Secxihi,  ITrGoufs,  and  Lanolea-, 
and  their  relations  tolerably  well  made  out. 


In  the  Annuaire  of  the  Bureau  of  Loneitudea  for  1878  (p.  C89), 
M.  Janssen  gives  an  account  of  his  recent  discovery  of  the  reticulated 
arrangement  of  the  sohir  photosphere.  The  paper  is  accompanied 
by  a  photograph  of  the  appearances  doscribed,  which  is  onlargcd 
threefold.  Photographs  less  than  four  inches  in  diameter  cannot 
satisfactorily  show  such  details.  As  the  granulations  of  the  sular 
surface  are,  in  general,  not  greatly  larger  than  1 "  or  2",  the  photo- 
graphic irradiation,  which  is  sometimes  20"  or  more,  may  completely 
obscure  their  characteristics.  This  difficulty  M.  Janssek  has  over- 
come by  enlarging  the  image  and  shortening  the  time  of  expos- 
ure. In  this  way  the  irradiation  is  diminished,  because  as  the  di- 
ameters increase,  the  linear  dimensions  of  the  details  are  increased, 
and  "the  imperfections  of  the  sensitive  platu  have  lees  relative  im- 
portance." 
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Again,  M.  J.vnsben  has  noted  thnt  in  short  exposures  the  j)hoto- 
graphif  dpcrtnini  ia  ftlniost  nuinr»cliromntic. 

In  this  way  it  differs  greatlj'  from  the  visible  spectrum,  and  to 
the  advantage  of  the  former  for  this  special  purpose.  The  dinmotcr 
of  the  solar  photognims  have  since  1874  been  successively  increased 
to  12,  15,  20,  and  30  centimetres.  The  exposure  is  made  equal  all 
over  the  surfac o.     In  summer  this  exposure  for  the  largest  photo- 
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gnuna  is  leM  than  0"0000.     The  development  of  such  picture*  is 
very  •low. 

These  photognuna,  on  examination,  show  that  the  solar  surface  ia 
covered  with  ■  fine  granulation.  The  forms  and  tiie  dimensions  of 
the  elementary  surfaces  arc  very  rarious.  They  vary  in  size  from 
0"-8  or  0"-4  to  3"  or  4"  (200  to  8000  kilumetrea).     Their  form* 
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are  generally  circles  or  ellipsea,  but  these  cnrres  are  Bometimea 
greatly  altered.  This  granulation  is  apparently  spread  equally  all 
over  the  disk.  The  brilliancy  of  the  points  is  very  variable,  and 
they  appear  to  be  situated  at  different  depths  below  the  phot<>> 
sphere  :  the  most  luminous  particles,  those  to  which  (ho  solar  light 
is  chiefly  due,  occupy  only  a  small  fraction  of  the  solar  surface. 

The  raoat  remarkable  feature,  however,  is  "  the  reticulated  ar- 
rangement of  the  parts  of  the  photosphere."  "The  photograms 
show  that  the  constitution  of  the  photosphere  is  not  uniform 
throughout,  but  that  it  is  divided  in  a  series  of  regions  more  or 
less  di-stant  from  each  other,  and  having  each  a  special  constitutiuo. 
These  regions  have,  in  general,  rounded  contours,  but  these  are 
often  almost  rectilinear,  thus  forming  polygons.  The  dimensions 
of  these  figures  are  very  variable  ;  some  are  even  1'  in  diameter 
(over  25,000  miles)."  '•  Between  these  figures  the  grains  are 
sharply  defined,  but  in  their  interior  they  ard  almost  effuced  and 
run  together  as  if  by  some  force."  These  phenomena  can  be  best 
understood  by  a  reference  to  the  figure  of  M.  Jak86EN  (p.  281). 


Light  and  Heat  from  the  Photosphere. — Tlie  pKot.o- 

sphere  is  not  equally  briglit  all  over  the  apparent  disk. 
This  is  at  once  evident  to  the  eye  in  observing  the  sun  with 
a  telescope.  The  centre  of  the  disk  is  most  brilliant,  and 
the  edges  or  limhs  are  shaded  off  so  as  to  forcibly  sugt^est 
the  idea  of  an  absorjitivo  atnoospherc,  wliich,  in  fact,  is  the 
cause  of  this  appeiiraticc. 

Such  absorption  occurs  not  only  for  the  rays  by  -which 
we  see  the  sun,  the  so-called  vlxiial  rayn,  but  for  those 
which  have  the  most  powerful  effect  in  deconip<jsing  the 
Balta  of  silver,  the  so-called  chemical  rays,  by  which  the 
ordinary  photograph  is  taken. 

The  amount  of  heat  received  from  different  portions  of 
the  sun's  disk  is  also  variable,  according  to  the  part  of 
the  apparent  disk  examined.  This  is  what  we  should  ex- 
pect, Tliat  is,  if  the  intensity  of  any  one  of  these  radiations 
(as  felt  at  the  earth)  varies  from  centre  to  circumference, 
that  of  every  other  should  also  vary,  since  they  are  all 
modifications  of  the  same  primitive  motion  of  the  sun's 
constituent  particles.  But  the  constitution  of  the  sun's 
atmosphere  is  such  that  the  law  of  variation  for  the  three 
classes  is  different.  The  intensity  df  the  radiation  in  the 
8UB  itself  and  inside  of  the  absorptive  atmosphere  isprob- 
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ably  nearly  constant.  The  ray  -wkicli  leaves  the  centre  of 
the  suu'a  disk  in  passing  to  the  eartii,  pmwes  tlirougli  the 
emallegt  possible  tliickness  of  the  solar  atniospliere,  while 
the  rays  from  jxiints  of  the  sun's  body  which  appear  to 
us  near  the  limbs  pass,  on  the  contrary,  through  the  uiaxi- 
muin  thicknt'sh  of  atmosphere,  and  are  tlius  longest  sub- 
jected to  its  a!»sorptive  action. 

Tiiis  is  plainly  a  rational  explanation,  since  the  part  of 
the  sun  which  is  seen  by  us  as  the  limb  varies  with  the 
j)Osition  of  the  earth  in  its  orbit  and  with  the  position  of 
the  sun's  surface  in  its  rotation,  and  has  itself  no  physical 
peculiarity.  The  various  absorptions  of  different  classes 
of  rays  correspond  to  this  suppositiun,  the  more  refrangi- 
ble rays  suffering  most  aI>8orj>ti<m,  as  they  must  do,  being 
composed  of  waves  of  shorter  wave  length. 

The  following  table  pvcs  the  oljscrvcd  ratios  of  the  amount  of 
heat,  light,  and  chemical  action  at  the  centre  of  the  sun  nnd  at 
various  distances  from  the  centre  toward  the  limb.  The  first 
column  of  the  table  gives  the  apparent  distances  from  the  centre 
of  the  diiik,  the  sun's  radius  being  1-00.  The  second  column  gives 
the  percentage  of  heat-rays  received  by  an  observer  on  the  earth 
from  points  ut  these  various  distances.  That  is,  for  every  100  heat- 
rays  reaching  the  earth  from  the  sun's  centre,  O.'i  reach  us  from  a 
point  half  way  from  the  centre  to  the  limb,  and  so  on. 

Analogous  data  are  given  for  the  light-rays  and  the  chemical 
rayi.  The  data  in  regard  to  heat  are  due  to  Professor  I.anolet  ; 
those  in  regard  to  light  and  (chemical  action  to  Professor  Phkeruio 
and  Dr.  Vookl  respectively. 
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For  two  equal  apparent  surfaces,  .i  near  the  sun's  centre  and  B 
near  the  limb,  we  may  say  that  the  rays  from  the  two  surface*  when 
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received  at  the  earth  have  approximately  the   following  relative 
effects  : 

A  has  twice  aa  much  effect  on  a  thermometer  as  B  (heat); 

A  has  three  times  as  much  illuminating  effect  aa  B  (light); 

A  has  seven  times  as  much  effect  in  decomposing  the  photo- 
gfraphic  salts  of  silver  as  B  (actinic  effect). 

It  is  to  be  carefiiUjT  borne  in  iiiinil  that  the  above  numbers  refer 
to  variations  of  the  sun's  rays  received  from  different  etpal  surfaces 
A  and  B,  in  their  (ffecl  upon  certain  nrbilntn/  terrettrini  atanilardt  of 
mtature.  If,  for  example,  the  dfconi|>03ition  of  other  salts  than 
those  employed  for  ordinary  [jlHUogrupliic  work  be  taken  as  stand- 
ards, then  the  numbers  will"  be  altered,  and  so  on.  \Vc  are  simply 
measuring  the  power  of  solar  rays  selected  from  different  parts  of 
the  sun's  apparent  disk,  and  hence  exposed  to  different  conditions 
of  absor|)tioii  in  his  atnirjs|)here,  to  do  work  of  a  certain  selected 
kind,  as  to  raise  the  temperature  of  a  thennometer,  to  affect  the 
human  retina,  or  to  decompose  certain  salts  of  silver. 

In  this  the  absorption  vA  the  earth's  atmosphere  is  rendered  con- 
stant for  each  kind  of  e.xperimervt.  This  atmo.^phere  has,  however, 
a  very  strong  absorptive  effect.  We  know  that  we  can  look  at  the 
setting  or  rising  sun,  which  sends  its  light  rays  through  great 
depths  of  the  earth's  atmosphere,  but  not  upon  the  sun  at  noon- 
day. The  temperature  is  lower  at  sunrise  or  at  sunset  than  at  noon, 
and  the  absorption  of  chemical  rays  is  !<o  marked  that  a  photograph 
of  the  .solar  siiectrum  which  can  be  taken  in  three  seconds  at  uoon 
requires  six  hundred  seconds  about  sunset — that  is,  two  hundred 
times  as  long  (Draper). 

Amount  of  Heat  Emitted  by  the  Sun. — Owing  to  the 
absorption  of  the  solar  atiiiot>plicre,  it  follows  that  we  re- 
ceive only  a  portion — ^jierhaps  a  very  small  poii;ion  —  of 
the  rays  eiiiitteil  by  tlie  sun's  pliotospliere. 

If  the  sun  had  no  absorptive  atmosphere,  it  would  seem 
to  US  liotter,  brighter,  and  moi^  blue  in  color. 

E.xact  notions  as  to  how  groat  this  absorjition  is  arc  hard 
to  gain,  but  it  may  be  said  roughly  that  the  V)eBt  authori- 
ties agree  that  although  it  is  quite  possible  that  the  sun's 
atmosphere  alisorbs  half  the  emitted  rays,  it  probably  does 
not  absorb  four  fifths  of  them. 

It  is  a  curious,  and  as  yet  we  believe  unexplained  fact, 
that  the  ab8orj)tion  of  tlie  solar  atmosphere  does  not  affect 
the  darkness  of  the  Fraunhofer  lines.  They  seem  equally 
black  at  the  centre  and  edge   of  the  sun.*     The  amount 

*  Prof.  Toimo  has  spoken  of  a  slight  observable  difference. 
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of  this  absorption  is  a  practical  question  to  us  ou  the  earth. 
So  long  as  tlie  central  body  of  tlie  sun  c-oiitiuues  to  emit 
the  same  quantity  of  niys,  it  is  plain  that  the  thickness  of 
the  solar  atmosplierc  determines  the  number  of  such  rays 
reacliinj^  the  earth.  If  in  former  times  this  atmosphere 
was  mud  I  thicker,  then  less  lieat  would  have  readied  the 
earth.  Professor  Lakolky  suggests  that  tlie  glacial  epoch 
may  be  explained  in  this  way.  If  the  central  body  of  the 
sun  has  likewise  had  dillerent  emissive  jMjv^'ers  at  different 
times,  this  again  would  produce  a  variation  in  the  tempera- 
ture of  the  earth. 

Amotint  of  Heat  Badiated. — There  is  at  present  no  way 
of  determining  accurately  either  the  absolute  amount  of 
heat  emitted  from  the  centra!  body  or  the  amount  of  this 
heat  stopped  by  tlie  soliir  atmosphere  itself.  All  that  can 
be  done  is  to  measure  (and  that  only  roughly)  the  amount 
of  heat  really  received  by  the  earth,  without  attempting  to 
define  accurately  the  circDmstances  which  this  radiation 
has  undergone  before  reaching  the  earth. 

The  difficulties  in  the  way  of  detennining  how  much 
heat  reaches  the  earth  in  any  definite  time,  as  a  year,  are 
twofold.  First,  we  must  be  able  to  distinguish  between 
the  heat  as  received  by  a  thermometric  apparatus  from 
tlie  sun  itself  and  that  from  external  oljjects,  as  our  own 
atmosphere,  adjacent  buildings,  etc.;  and,  second,  we 
must  be  able  to  allow  for  the  absorption  of  the  earth's 
atmospliere. 

PoLiLi-KT  has  experimented  upon  this  question,  making 
allowance  for  the  time  that  the  sun  is  below  the  horizon 
of  any  j)lace,  and  for  the  fact  that  the  solar  rays  do  not  in 
general  strike  perpendicularly  but  obliquely  ujMm  any 
given  part  of  the  e^irth's  surface.  His  conclusions  may 
be  stated  as  follows  :  if  our  own  atmosphere  were  re- 
moved, the  solar  rays  would  have  energy  enough  to  melt 
a  layer  of  ice  9  centimetres  thick  over  the  whole  earth 
daily,  or  a  layer  of  about  32  metres  thick  in  a  year. 

Of  the  total  amount  of  huat  radiated  by  the  sun.   ' 
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earth  receives  bnt  an  insignificant  share.  Tlie  san  is 
capable  of  heating  the  entire  surface  of  a  sphere  whose  ra- 
dius is  the  earth's  mean  distance  to  tlie  same  degree  that 
the  e;irth  is  now  heated.  Tlie  surface  of  such  a  sphere  is 
2, 17i>,000,ftOO  times  greater  than  the  angular  dimensions 
of  the  earth  ;i8  seen  from  the  sun,  and  hence  the  earth  re- 
ceives less  than  one  two  liillionth  part  of  the  solar  radia- 
tion. Tlie  rest  of  the  solar  rays  are,  eo  far  as  we  know, 
lost  in  space. 

It  is  found,  from  direct  measures,  that  a  sun-spot  gives  less  heat, 
area  for  area,  limn  llrt;  unspotted  photosjihere,  Bnd  it  is  an  interest- 
ing question  liow  mueli  the  climate  of  the  eartli  can  be  affected  by 
this  difference. 

Professor  Langlev,  of  Pittsburgh,  has  made  measurements  of  the 
direct  eflei-t  of  sun-spots  on  terrestrial  temperature.  The  observa- 
tions consisted  in  measuring  the  rehitive  JHiiountsof  umbral,  penum- 
bral,  and  photospheric  radintinn.  The  relative  umbra!,  pcnumbral, 
and  photosphc-ric  areas  were  deduced  from  the  Kew  observations  of 
spots  ;  and  from  a  consideration  of  these  data,  and  confining  the 
question  strictly  to  clianges  of  terrestrial  temperature  due  to  this 
cause  alone,  L.vnoley  deduces  the  result  that  "  sun-spots  do  ex- 
ercise a  direct  effect  on  terrestrial  temperature  by  decreasing  the 
mean  temperature  of  the  earth  at  their  maximum."'  This  change 
is,  however,  very  small,  as  "it  is  rcpn'.sented  by  a  change  in  the 
mean  temperature  of  our  globe  in  eleven  years  not  ijrenter  than 
05°  C,  and  not  Iru  than  O-S"  C. "  It  is  not  intended  to  show  that 
the  earth  is,  on  the  whole,  cooler  in  maximum  sun-spot  years,  but 
that,  M  far  as  this  cause  goes,  it  tends  to  niuko  the  earth  cooler  by 
this  minute  amount.  What  other  causes  may  co-exist  with  the 
maximum  spot-frequency  are  not  considered. 

Solar  Temperature. — From  the  amount  of  heat  actually 
radiated  by  the  sun,  attempts  have  been  made  to  determine 
the  actual  tenijierature  of  the  solar  surface.  The  esti- 
mates reached  I>y  various  authorities  differ  widely,  as  the 
laws  which  govern  the  absorption  within  the  solar  en- 
velope arc  almost  unknown.  Some  such  law  of  alisorji- 
tion  has  to  be  supposed  in  any  such  investigation,  and  the 
estimates  have  differed  widely  according  to  the  adapted 
law. 

Seochi  estimates  this  temperature  as  about  0,100,000°  C. 
Other  estimates  are  far  lower,  but,  according  to  all  sound 
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philosophy,  the  temperature  must  far  exceed  any  ter- 
restrial temperature.  There  can  be  no  doubt  that  if  the 
temperature  of  the  eartli'a  surface  were  Buddeiilv  raised  to 
that  of  the  sun,  no  single  chemical  element  would  remain 
in  ita  present  condition.  The  most  refractory  materials 
would  be  at  once  volatilized. 

We  may  concentrate  the  heat  received  upon  geveral  square  feet 
(the  surface  of  a  huge  burning-lens  or  mirror,  fur  instance), 
examine  ita  effects  at  the  focus,  and,  miikinf;  iillowance  for  the  con- 
densation by  the  lens,  see  what  in  the  nitnimura  possible  tempera- 
ture of  the  sun.  The  temperature  at  the  focus  of  the  lens  cannot 
be  higher  than  that  of  the  source  of  heat  in  the  sun  ;  we  can  only 
concentrate  the  heat  received  on  the  surface  of  the  lens  to  one 
point  and  examine  its  effects.  If  a  lens  three  feet  in  diameter  be 
used,  the  most  refractory  matcriaLs,  as  fire-clay,  platinum,  the  dia- 
mond, are  at  once  melted  or  volatili/.ed.  The  effect  of  the  lens  is 
plainly  the  same  as  if  the  cnrth  were  brought  closer  to  the  sun,  in 
the  ratio  of  the  diameter  of  the  focal  image  to  that  of  the  lens.  In 
the  case  of  the  lens  of  three  feet,  allowing  for  the  absorption,  etc., 
this  distance  is  yet  greater  than  that  of  the  moon  from  the  earth, 
so  that  it  appears  that  any  comet  or  planet  so  close  as  this  to  the 
sun,  if  composed  of  materials  similar  to  those  in  the  earth,  must 
be  vaporized. 

If  we  calculate  at  what  rate  the  temperature  of  the  sun  would  be 
lowered  annually  by  the  radiation  from  its  surface,  we  gholl  find  it 
to  be  \\°  Centigrade  yearly  if  its  8|)eciHc  heat  is  that  of  water, 
and  between  3'  and  6°  per  annum  if  its  specific  heat  is  the  same  as 
that  of  the  various  constituents  of  the  earth  itself.  It  would  there- 
fore cool  down  in  a  few  thousand  years  by  an  appreciable  amount. 


g  3.    SUN-SPOTS  AITD  FACTTLB. 

A  very  cursory  examination  of  the  sun's  disk  with  a 
small  telescope  will  generally  show  one  or  more  dark  spots 
upon  the  photosphere.  These  are  of  s'arions  sizes,  from 
minute  black  dots  1'  or  2'  in  diameter  (1U(K»  kilometres 
or  leas)  to  large  spots  several  minutes  of  arc  in  extent. 

Solar  spots  generally  have  a  dark  central  nucleus  or 
umbra,  surroimded  by  a  border  or  penufnbra  of  grayish 
tint,  intermediate  in  shade  between  the  central  blackness 
and  the  bright  photosphere.  By  increasing  the  power  of 
the  telescope,  the  spots  are  Been  to  be  of  very  complex 
forms.     The  iimhra  is  often  extremely  irregular  in  shape, 
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and  is  Eometimes  crossed  bj  bridges  or  ligaments  of  shining 
matter.  The  penuuJjra  is  composed  of  filaments  of 
brighter  and  darker  light,  which  are  arranged  tn  striae. 
The  appearances  of  the  separate  filaments  are  as  if  thej 
were  <lirected  downward  toward  the  interior  of  the  spot 
in  an  oblique  direction.  The  general  aspect  of  a  spot  un- 
der considerable  magnifying  power  is  shown  in  Fig.  78. 

The  firet  printed  account  of  solar  spots  was  given  bjr  I 
Fabiutics  in  1611,  and  Galu.eo  in  the  same  year  (May,! 
1611)  also  described  them.     They  were  also  attentiveljr] 
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studied  by  the  .Tesnit  Scheinek,  who  supposed  them  to 
small  planets  projected  against  the  solar  disk.  This  idea 
was  disproved  by  Galileo,  whose  observations  showed 
them  to  belong  to  the  snn  itself,  and  to  move  uniformly 
across  the  solar  disk  from  east  to  west.  A  spot  just  visible 
at  the  east  linil>  of  the  sun  on  any  one  day  travelled  slowly 
across  the  disk  for  12  or  14  days,  when  it  reached  the  west 
limb,  behind  which  it  disappeared.  After  about  the  same 
period,  it  reappeared  at  the  eastern  limb,  unless,  as  is  often 
the  case,  it  had  in  the  mean  time  vanished. 
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The  epots  are  not  permanent  in  tlicir  nature,  but  are 
formed  eoniewberc  on  tlie  euri,  and  disappciir  after  lasting 
a  few  days,  weeks,  or  im»nths.  But  bo  long  as  they  last 
they  move  regularly  from  east  to  west  on  the  sun's  appar- 
ent disk,  making  one  complete  rotation  iu  about  ii5  days. 
This  period  of  25  days  is  therefore  approximately  the  rota- 
tion period  of  the  sun  itself. 

Spotted  Region. — It  ia  found  that  the  spots  are  chiefly  con- 
flntd  to  two  zones,  one  in  each  hemisphere,  extt-ndiiig  from  about 
10"  to  35°  or  40°  of  heliograjihic  lutitude.  In  the  iwliir  regions, 
.i]>ots  are  scarcely  ever  seen,  and  on  the  solar  equator  tiiey  arc  much 


Fig.  7U.— puotooratu  of  the  sis. 

more  rare  than  in  latitudes  10'  north  or  south.  Connected  with 
the  spots,  but  lying  on  or  above  the  solar  surface,  are  fantla,  niot- 
tlings  of  light  brigliter  than  the  general  surface  of  the  sun.  The 
formation  of  a  sun-spot  is  said  to  be  often  presaged  by  the  ap- 
pvanuiec  of  faculn;  near  the  point  where  the  spot  is  to  form. 

Solar  Rotation. — To  obtain  the  exact  period  of  rotation,  the 
spots  rnist  be  carefully  fixed  in  |)osition  by  micrometrie  measures 
from  day  to  day,  the  times  of  the  measures  being  noted.  Better 
still,  daily  photogriiplis  may  be  made  and  afterward  measured. 
This  has  been  done  by  several  observers,  and  the  remarkable  result 
reached  that  the  spots  do  not  all  rotate  exactly  in  the  same  perio<l, 
but  that  this  time,  as  determined  from  any  .snot,  depend.i  upon  the 
hdioffraphic  latitude  ai  the  spot,  or  it«  angular  distance  from  the 
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Bolar  equator.  A  series  of  observations  made  bj  Mr.  CABnmoTON 
of  England  (by  tlie  eyr'l  give  the  following-  valuer  of  the  rotation 
timej  T,  for  spots  in  different  hcliographic  latitudes  L  : 


L=     0° 

5' 

10' 

15* 

20" 

T=  25-187  days 

25-222 

25-327 

25. 500 

25V3» 

L=    25' 

30° 

35' 

40" 

45- 

7'=26(M0 

26-398 

26-804 

27-253 

27730 

The  period  of  rotation  seems  also  to  vary  somewhat  in  different 
years  even  for  spots  in  the  mime  hclingruphie  lntitiidf,  so  thot  we 
really  cannot  assign  any  one  dftinite  rotation  time  to  the  sun,  as 
we  can  to  the  earth  or  the  moon. 

"  The  probability  is  that  the  sun,  not  being  solid,  has  really  no  one 
period  of  ri>ti«tion,  but  different  portions  of  ils  surface  and  of  its  in- 
ternal mass  move  at  different  rates,  and  to  some  extent  independent- 
ly of  each  other,  though  approximately  in  one  plane  inclined  about 
7^  to  the  ecliptic,  and  around  a  common  axis.  The  individual 
spots  drift  in  latitude  as  well  as  in  longitude,  and,  on  the  whole,  it 
appears  that  spots  within  1^'  or  20  of  the  solar  equator  on  either 
side  move  toward  the  equator,  while  beyond  this  limit  they  more 
away  from  it."     (Youno.  | 

Solar  Axis  and  Equator. — The  spots  must  revolve  with  the 
surface  of  the  sun  about  his  a.\is.  and  the  directions  of  their  motiona 
muHt  be  approximately  pariiUel  lo  bis  equator,  ilg.  80  show* 
the  appearances  a.s  actually  observed,  the  dotted  lines  representing 
the  apparent  paths  of  the  spots  across  the  win's  disk  at  different 
times  of  the  yesir.  In  June  and  December  these  paths,  to  an  oh- 
Bcrvcr  on  the  earth,  seem  to  be  right  lines,  and  hence  at  these  times 
the  observer  must  be  in  the  plane  of  the  soliir  equator.  At  other 
times  the  iiaths  arc  ellipses,  and  in  March  and  September  the 
planes  of  these  ellipses  are  most  oblique,  showing  the  spectator  to 
be  then  furthest  from  the  phine  of  the  solar  equator.  The  incli- 
nation of  the  solar  equator  to  the  ecliptic  i.s,  as  al ready  stated,  about 
7°  0',  and  the  axis  of  rotation  is  of  course  perpendicular  to  it. 

I^ature  of  the  Spots. — The  sun-spots  arc  really  depree- 
sions  in  tlio  ])ljotospliere,  as  wsis  lirst  pointed  out  by  As- 
riKEw  Wii.sox  of  GliLSgow.  Wlien  a  spot  is  seen  at  the 
cilgc  of  the  disk,  it  appears  as  a  notch  in  tlie  limb,  and  is 
elliptical  in  shape.  ^Vs  the  rotation  carries  it  furtlicr  and 
ftirther  on  to  tlie  disk,  it  becomes  more  and  more  nearlv 
circular  in  shape,  and  after  passing  the  centre  of  the  disk 
tbo  appearanct*  take  place  in  reverse  order. 

These  observations  were  explained  by  Wii*os,  and  more  fully  by 
Bir  William  Herschel,  by  supposing  the  sun  to  consist  of  an  in- 
terior dark  cool  mass,  surrounded  by  two  layers  of  clouds.     The 
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outer  layer,  which  forma  the  visitile  photosphere,  waa  suppoaed 
extremely  brilliant.  The  inner  layer,  which  coulil  not  he  seen 
excejit  when  a  cavity  existed  in  the  photosphere,  was  supposed 
to  be  dark.  The  appearance  of  the  edges  of  a  spot,  which  has 
been  described  as  the  penumbra,  waa  supposed  to  arise  from 
thoac  dark  clouds.  The  spots  themselves  arc,  according  to  this 
view,  nothing  but  opemnga  through  both  of  the  atmospheres,  the 


FlU.    80.— APPARENT   PATH   OK    HOLAR    SPOT   AT    DIKKEKE.NT    SEASONS. 

nudeuB  of  the  spot  being  simply  the  black  surface  of  the  inner 
sphere  of  the  sun  it.ielf. 

This  theory,  which  the  figure   on   the   next   |)age   exemplifies, 
accounts  for  the  facts  as  they  were  known  to  Hkiikcbki..     But  when 
it  is  confronted  with  the  questions  of  the  cause  of  the  sun's  heat 
and  of  the  method  by  which  this  Iteat  has  bucn  maintained  ■"— 
■tant  in  amount  for  centuries,  it   brealu  down  complot 
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conclusions  of  Wilbon  and  Herschei.,  that  the  spots  are  depressions 
in  tl)e  bud's  surface,  arc  undoubted.  But  the  existence  of  a  cool  cen- 
tral and  solid  nucleus  to  the  sun  is  now  known  to  be  impoesible. 
The  appari'titly  black  centres  of  the  spots  are  so  mostly  by  contrast. 
If  tliey  were  seen  against  a  perfectly  black  background,  they  would 
appear  very  briglit,  as  has  been  proved  by  the  photometric  mea-surea 
of  Professor  L.\sgi.ev.  And  a  cool  solid  nucleus  bi-neath  such  an 
atmosphere  as  Herschki.  supposed  would  soon  become  gaseous  by 
the  conduction  and  radiation  of  the  heat  of  the  photosphere.  The 
supply  of  solar  heat,  which  ha.s  been  very  nearly  con.«tant  during 
the  historic  period,  would  in  a  sun  so  constituted  have  sensibly 
diminished  in  a  few  hundred  years.  For  these  and  other  reasons, 
the  hypothesis  of  HEitscnEL  must  be  modified,  save  as  to  the  fact 
that  the  spots  ore  really  cavities  in  the  photosphere. 
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FlO.  81.— APPSAKABCB  OF  A  SPOT  KEAB  THE  LI.WB    A!n>    NEAR  THX 

TEXTRE  OP  THE   SI'S. 

Number  and  Periodicity  of  Solar  Spots. — The  namber 

of  solar  spots  wliicli  eume  into  view  varies  from  year  to 
year.  Altlitiugli  at  first  sight  this  miglit  seem  to  bo  what 
we  call  a  purely  aecideiitui  circumstance,  like  the  occur- 
rence of  cloudy  and  clear  years  on  the  earth,  yet  the  series 
of  observations  of  sun-spots  by  Ilofrath  Si'HWabe  of 
Dessau  (see  the  table),  continued  by  him  for  forty  years, 
established  the  fact  that  this  number  varied  periodu^ally. 
This  had  indeed  been  proviously  euspeeted  by  Horrebow, 
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but  it  waa  independentlj*  suggested  and  completely  proved 

bj  Schwabs. 

Tablr  or  ScnwABK'a  Results. 
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Tliu  periodicity  of  tlie  spots  is  evident  from  the  table. 
It  will  appear  in  a  more  strlkinji;  way  from  the  foUowingJ 

summary  : 

From  1828  to  1681,  biio  wltbonl  apota  on  onljr 1  d^r 

In  1838,  ....!»  dajm.* 

From  1836  Va  1840,  "  "  "  ....         8      " 

In  1843,  "  ••  "  ....  147      " 

From  1847  to  1851.  "  "  "  8      " 

In  1856,  '•  "  "  ....  198      " 

From  1858  to  1861,  "  "  "  no  dmy. 

In  1867,  ••  ....  1»S  days. 

Every  11  years  there  is  a  iiiitiiiiiuni  number  of  Bpots, 
and  about  5  years  after  each  iiiiriiniHui  tlierc  is  a  maxi- 
mum. If  instead  of  merely  counting  the  number  of  B|)ot6, 
measurements  are  made  on  solar  photograms,  as  tbejr 
are  willed,  of  the  extent  of  spotted  area,  the  period  comes 
out  with  greater  distinctness.  This  periodicity  of  the 
area  of  the  solar  spots  appears  to  be  connected  with  mag- 
netic phenomena  on  the  earth's  surface,  and  with  the  num- 
ber of  auroras  visible.  It  bas  been  supposed  to  be  con- 
nected also  ^vith  variations  of  temperature,  of  rainfall, 
and  witl»  other  meteorological  phenomena  sucli  as  theinon- 
eoons  of  the  Indian  Ocean,  etc.  The  cause  of  this  period- 
icity is  as  yet  wnknown.  Cakrinoton,  De  la  Rpe, 
LoEWT,  and  Stewart  liave  given  reasons  which  go  to  show 
that  there  is  a  connection  between  the  spotted  area  and  the 
configurations  of  the  planets,  panicularly  of  Jupiter, 
Venus,  and  Mercury.  Zollxek  says  that  the  cause  lie« 
within  the  sun  itself,  and  assimilates  it  to  the  periodic 
action  of  a  geyser,  wliich  seems  to  be  <i  priori  probable. 
Since,  however,  the  periodic  variations  of  the  spots  cor- 
respond to  the  magnetic  rariation,  as  exhibited  in  the  last 
column  of  the  table  of  Schwabe's  results,  it  appears  that 
there  may  be  some  connection  of  an  unknown  nature 
between  the  sun  and  the  earth  at  least.  But  at  present 
we  can  only  state  our  limited  knowledge  and  wait  for 
further  information. 
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Dr.  Wolf  (Director  of  tlie  Zurich  Observatory)  has  col- 
lected all  the  available  observations  of  the  solar  spots,  and 
it  is  found  tliat  since  1610  we  have  a  tolerably  complete 
record  of  these  appearancefi.  The  number  and  character 
of  the  spots  are  now  noted  every  day  by  observers  in  many 
quarters  of  the  ci^'ilized  world.  This  long  series  of  obser- 
vations has  served  as  a  liasis  to  detenuine  each  epoch  of 
maximum  and  minimum  whieh  baa  occurred  since  1610, 
and  from  thence  to  detenuine  the  length  of  each  single 
period. 

The  following  table  give*  Dr.  Wolf's  results  : 


Tablk  oivijjg  thk  Times  of  Maxtmcm  and  Mixiirux  Stw-SPOT 

FUEiJUIUSCy,   ACCOROINO  TO  Woi.^. 
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From  tho  first  series  of  earlier  obscrvatione,  the  period' 


out  from  observed 


with 


comes  out  Irom  observed  mminia,  11 -SO  years,  witn  a 
variation  of  two  years  ;  from  observed  ma-r/wia  the  period 
is  11  •  20  years,  with  variation  of  three  years — that  is,  this 
series  shows  the  period  to  vary  between  13-3  and  9-1 
years.  If  we  suppose  these  errors  to  arise  only  from  errors 
of  observation,  and  not  to  be  real  changes  of  the  period 
itself,  the  tnean  period  is  11-20  ±  0.64. 

Tho  results  from  the  second  series  are  also  given  at 
the  foot  of  the  table.  From  a  combination  of  the  two,  it 
follows  that  the  mean  period  is  11-111  ±  0-30T  years, 
with  an  oscillation  of  ±:  2  •  030  years. 

These  results  are  formulated  by  Dr.  Wolf  as  follows  : 
The  frequency  of  solar  spots  has  continued  to  change 
periodically  since  their  discovery  in  1610  ;  the  mean  length 
of  the  period  is  11-J  years,  and  the  separate  periods  may 
differ  from  this  mean  period  by  as  much  as  2-03  years. 


A  general  relation  between  the  freijuency  of  the  sjxits  and  the 
variation  of  the  magnetic  needle  is  shovrn  by  the  numbers  which 
have  been  given  in  the  table  of  Schw.vbe's  results.  This  relation 
has  been  most  closely  studied  by  Wolf.  He  denotes  by  t;  th« 
number  of  groups  of  spots  seen  on  any  dny  on  tho  sun,  counting 
each  isolated  spot  as  a  group  ;  by/ is  denoted  the  number  of  spot* 
in  each  group  (Jji  is  then  proportional  to  the  spotted  area)  ;  by  k  ■ 
coefficient  depending  upon  the  size  of  the  telescope  used  for  obser- 
vation, and  by  r  tlte  aaily  relatitm  number  so  called ;  then  he  sap- 
poses 

r  =  »;(/+ lO-g). 

From  the  daily  relative  numbers  are  formed  the  mean  monthly 
and  the  mean  annual  relative  numbers  r.  Then,  according  to 
WoLr,  if  t  is  the  mean  annual  variation  of  the  magnetic  needle  at 
any  place,  two  conatauta  for  that  place,  a  and  13,  can  be  found,  so 
that  the  following  formula  is  true  for  all  years  : 

e  =  a  -(-/J'r. 

Thus  for  Munich  tho  formula  becomes, 


and  for  Prague, 


»  =  0'•^7-^  0'-051r; 


t  =  6'-80  -I-  0'-04a  r,  and  lo  oa 
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T«AB. 

MuaioB. 

P>AOU«. 
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a 
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& 
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The  above  comparison  bears  out  the  conclusion  that  the 
magnetic  variations  are  subjected  to  the  same  perturba- 
tions as  the  development  of  the  solar  spots,  and  it  may 
be  said  that  the  changes  in  tlie  frc<juency  of  solnr  spots 
and  tlie  like  clianges  of  magnetic  variations  sliow  tliat 
these  two  phenomena  are  dej^>endcnt  the  one  on  the  other, 
or  rather  upon  the  same  cosmical  cause.  What  this  cause 
is  remains  as  yet  unknown. 


§  4.    THE  STTS'S  CHROMOSPHERE  AKD  CORONA. 

Fhenomeoa  of  Total  EolipsoB. — The  l)eginning  of  a 
total  soliir  celipse  is  an  insignitieunt  pltenomenon.  It  is 
marked  sitiiply  by  tlic  small  bla<*k  notch  made  in  the  lu- 
minous disk  of  the  sun  by  the  advancing  edge  or  limb  of 
the  moon.  This  always  occurs  on  the  western  half  of  the 
sun,  as  the  moon  moves  from  w(^8t  to  east  in  its  urbit.  An 
hour  or  more  must  elapse  before  the  moon  has  advance<l 
sufficiently  far  iu  its  orbit  to  cover  tlie  sun's  disk.  During 
this  time  the  disk  of  the  sun  is  gradually  liidden  until  it 
biK-omcs  a  thin  crescent.  To  the  general  spectator  there 
is  little  to  notice  during  the  first  two  thirds  of  this  period 
from  the  beginning  of  the  eclipse,  unless  it  be  perhaps  the 
altered  shapes  of  the  images  formed  by  snudl  holes  or 
apertures.  Under  ordinary  circumstances,  tlio  image  of 
the  sun,  made  by  the  solar  rays  which  pass  tliroiurb  «  «*««ll 
hole  —  in  a  card,  for  example  —  are  circular  W 
shape  of  the  sun  itself.     When  the  sun 


2d8 


image  of  the  sun  foniied  hy  such  rays  ia  also  crescent, 
and,  under  favorable  circumstances,  as  in  a  thick  foreet 
where  the  interstices  of  the  leaves  allow  such  images  to  be 
formed,  the  effect  is  quite  striking.  The  reason  for  this 
phenomenon  is  obvious. 

The  actual  amount  of  the  sun's  light  maybe  diiuinifhed 
to  two  thirds  or  tliree  fourths  of  its  ordinary  amount  with- 
out its  being  strikingly  perceptible  to  the  eye.  What  ie 
first  noticed  is  the  change  which  takes  place  in  the  color 
of  the  surrounding  landscape,  which  begins  to  wear  a  rud- 
dy aspect.  This  grows  more  and  more  jironoiinced,  and 
gives  to  the  adjacent  country  that  weird  effect  which  lendfi 
so  much  to  the  impressiveness  of  a  total  eclipse.  The  rea- 
son for  the  change  of  color  is  :.::iple.  "We  have  already- 
said  that  the  sun's  atmosphere  al^orbs  a  large  proportion 
of  the  bluer  rays,  and  as  this  absorption  is  dependent  on 
the  tliickness  of  the  solar  atmosphere  through  whicli  the 
rays  must  pass,  it  is  plain  that  just  before  the  sun  is  total- 
ly covered  the  rays  by  which  we  see  it  will  be  redder  than 
ordinary  sunliglit,  as  they  are  those  -which  come  from 
jioints  near  tlie  sun's  limb,  where  they  have  to  pass  through 
the  greatest  thickness  of  the  sun's  atmosphere. 

The  color  of  the  light  becomes  more  and  more  Inrid  np 
to  the  moment  when  the  sun  has  nearly  disappeared.  If 
the  spectator  is  upon  the  top  of  a  high  mountain,  he  can 
then  begin  to  see  the  moon's  shadow  rushing  toward  him 
at  the  rate  of  a  mile  in  about  two  seconds.  Just  as  the 
shadow  reaches  him  there  is  n  sudden  increase  of  darkness 
— the  brighter  stars  begin  to  shine  in  the  dark  lurid  sky, 
the  thin  crescent  of  the  sun  breaks  up  into  small  points  or 
dots  of  light,  which  suddenly  disappear,  and  the  moon  it- 
self, an  intensely  black  ball,  appears  to  hang  isolated  in  the 
heavens. 

An  instant  afterward,  the  corona  is  seen  surrounding  the 
black  disk  of  the  moon  witli  a  soft  effulgence  quite  differ- 
ent from  any  other  light  known  to  us.  Near  the  moon's 
lin»b  it  is  intensely  briglit,  and  to  the  naked  eye  uniform 
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Ill  etrncture  ;  5'  or  10'  from  the  limb  tliis  inner  corona 
has  a  boundary  more  or  less  defined,  and  from  tliis  extend 
Btreamers  and  wings  of  fainter  and  more  nebulous  hglit. 
These  are  of  various  shapes,  sizes,  and  brilhancj.  No 
two  solar  eclipses  yet  observed  have  been  alike  in  this  re- 
spect. 

These  wings  seem  to  vary  from  time  to  time,  though  at 
nearly  every  eclipse  the  same  phenomena  are  described  by 
observers  situated  at  different  points  along  the  line  of 
totality.  That  is,  these  appearances,  though  changeable, 
do  not  change  in  the  time  the  moon's  shadow  requires  to 
pass  from  Vancouver's  Island  to  Texas,  for  example,  which 
is  some  fifty  minutes. 

Superjwsed  upon  these  wings  may  be  seen  (sometimes 
with  the  naked  eye)  the  red  flames  or  protuberances  which 
were  flrst  discovered  during  a  solar  eclipse.  These  need 
not  be  more  closely  described  hero,  as  they  can  now  be 
studied  at  any  time  liy  aid  of  the  spectroscope. 

The  total  phase  la  ts  for  a  few  minutes  (never  more  than 
six  or  seven),  and  du:  ing  this  time,  as  the  eye  becomes  more 
and  more  accustomed  'othe  faint  light,  the  outer  corona  is 
seen  to  stretch  further  and  further  away  from  the  sun's 
limb.  At  the  echpse  of  1S7S,  July  2yth,  it  was  seen  by 
Professor  Lakoley,  and  by  one  of  the  writers,  to  extend 
more  than  6°  (about  0,0ii0,OO0  miles) from  the  sun's  limb. 
Just  before  the  end  of  the  total  phase  there  is  a  sudden 
increase  of  the  brightness  of  the  sky,  due  to  the  increased 
illumination  of  the  earth's  atmosphere  near  the  observer, 
and  in  a  moment  more  the  sun's  rara  are  again  visible, 
seemingly  as  bright  as  ever.  From  the  end  of  totality  till 
the  last  contact  the  phenomena  of  the  first  half  of  the 
eclipse  are  repeated  in  inverse  order. 

Telescopic  Aspect  of  the  Corona. —  Such  are  the  ap- 
jieanmces  to  the  naked  eye.  The  corona,  as  seen  through 
a  telescope,  is,  however,  of  a  very  complicated  structure. 
The  inner  corona  is  usually  composed  of  bright  stritfi  or  fil- 
aments separated  by  darker  bands,  and  some  o' 
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ter  are  wmetinies  seen  to  be  almost  totally  black.  Tlie 
appearances  are  extremely  irregular,  lint  they  are  often  as 
if  the  inner  corona  were  made  up  of  brushea  of  light  on  a 
darker  background.  The  direction  of  these  brashee  is 
often  radial  to  the  sun,  especially  about  the  poles,  but 
where  the  outer  corona  joins  on  to  the  inner  these  brushes 
are  Bometimea  bent  over  so  as  to  join,  as  it  were,  the 
boundaries  of  tlic  outer  light. 

The  great  diflicnlties  in  the  way  of  studying  the  corona 
have  been  due  to  the  short  time  at  the  disposal  of  tlie  ob- 
server, and  to  tlie  great  differences  which  even  the  best 
dniughtsuien  will  make  in  tbfir  rapid  sketches  of  so  coin- 
pUcated  a  phenomenon.  The  figure  of  the  inner  corona 
on  the  next  page  is  a  copy  of  one  of  the  best  drawings  made 
of  the  eclipse  of  1869,  and  is  inserted  chieHy  to  show  the 
nature  of  the  only  drawings  possible  in  the  hniited  time. 
The  numliers  refer  to  the  red  prominences  around  the  liiub. 
The  radial  structure  of  the  corona  and  it.s  different  exten- 
sion and  nature  at  different  points  are  also  indicated  in  the 
drawing. 

The  figure  on  page  y03,  is  ncopy  of  a  crayon  drawing  made  in  1878. 
The  best  evidence  which  wt  can  giiiii  of  the  details  of  the  corona, 
comes,  however,  from  a  series  of  photographs  taken  during  the  whole 
of  totality.  A  photograph  with  a  short  exposure  gives  the  details 
of  tlie  inner  corona  well,  btit  is  not  uileeted  l>y  the  fainter  outlying 
parts.  One  of  longei  exponure  shows  details  further  away  from 
the  sun's  limb,  while  those  near  it  are  lost  in  a  glare  of  light,  being 
over-exposed,  aail  so  on.  In  this  way  a  scries  of  photogruph* 
gives  us  the  means  of  building  up,  as  it  were,  the  whole  corooA 
from  its  brightest  parts  near  the  sun's  limb  out  to  the  faintest  por- 
tions which  will  impress  themselves  on  a  photographic  plat«. 

The  corona  and  red  prominences  are  solar  appendages. 
It  was  formerly  donbtfnl  whether  the  corona  was  an 
ntmosphero  lielonging  to  the  snn  or  to  the  moon.  At  the 
eclipse  of  1860  it  was  proved  by  measurements  that  the 
red  prominences  Iwlonged  to  the  sun  and  not  to  the  moon, 
since  the  moon  gradually  covered  them  by  it.s  motion, 
they  remaining  attached  to  the  sim.  The  corona  has  also 
since  been  showTi  to  be  a  solar  appendage. 


^ 


FlO.    62. — DBAWTNO   OP  THE   CORONA  MADE  DURrNO    THE  ECXIFSE  OF 
AU0U8T    7,    1869. 

be  a  mountain  or  solid  mass,  Bince  if  such  had  been  the 
case  it  would  inevitably  have  overturned.  It  was  there- 
fore a  gaeeouB  or  cloud  -like  appendage  belonging  to  the 
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sun.  There  were  others  of  various  and  perhaps  varying 
sliapes,  and  the  ba^es  of  these  were  connected  1)}'  a  low 
l>;ind  of  serrated  rose-colort'i]  light.  Ono  of  theue  protu- 
herduees  was  shuwu  to  be  entirely  above  the  sun,  as  if 
floating  within  its  atmosphere.  Around  the  whole  disk 
of  the  sun  a  ring  of  simihtr  n;iture  to  the  jironiinences 
exists,  which  is  brighter  tliun  the  corona,  and  seems  to 
fomi  a  base  for  the  protuberances  themselves  ;  this  is 
the  sierra.  Some  of  the  red  tliimes  were  of  enormous 
height ;  one  of  at  least  8U,(-HM)  miles. 


Flo.   84.— fOKMS  OF  THE  SOt.AR  PROMINE.NLKS  AS  StE.\   WITU  THE 
8PBCTHOSCUPE. 

Gaseous  Nature  of  the  Prominences. — Tlie  next  eclipse 
(iStlS,  July)  was  total  in  India,  and  was  observed  by  many 
skilled  astronomers.  A  discovery  of  M.  Janssex's*  will 
make  this  eclip.9e  forever  niemorablo.  He  was  provided 
with  a  spectroscope,  and  by  it  observed  the  pronunences. 
One  prominence  in  particular  was  of  vast  size,  and  when 
the  spectroscoiJC  was  tunu'<l  up<in  it,  its  spectrum  was  dis- 
continuous, showing   the   bright   linen   of  hydrogen  gas. 


^^^O' 
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The  brightness  of  the  spectrum  was  bo  marked  that 
Jaxssen  detcriuiued  to  keep  his  spectrtecope  fixed  upon  it 
even  after  the  reappearance  of  sunlight,  to  see  how  long  it 
could  be  followed.  It  was  found  that  its  spectmin  could 
still  he  seen  after  the  return  of  complete  sunlight  ;  and  not 
only  on  that  day,  but  ou  subsequent  days,  similar  phenom- 
ena could  be  ol)eerved. 

One  great  difficulty  was  conquered  in  an  instant, 
red  flames  which  fonnerly  were  only  to  be  seen  for  a 
moments  during  the  comparatively  rare  occurrences  of 
total  eclijises,  and  whose  ol^servation  dema.ided  long  and 
expensive  journeys  to  distant  jwrts  of  the  world,  could 
now  be  regularly  observed  with  all  the  facilities  offered  by 
a  fixed  observatory. 

This  great  step  in  advance  was  independently  made  by 
Mr.  IxKKVER,*  and  his  discovery  was  derived  from  pare 
theory,  imaided  by  the  eclipse  itself.  By  this  method 
the  promiiieJice*  have  been  carefully  mapped  day  bj 
day  all  around  the  sun,  and  it  has  been  proved  thai 
around  tliis  body  tliere  is  a  vast  atmosphere  of  hydrogen 
gas — the  chromosphere  or  sierra.  From  out  of  this  the 
prominences  are  projected  eometimee  to  heights  of  100,000 
kilometres  or  more. 


ThQ_ 
fewV 


It  will  he  necessary  to  recall  the  main  facts  of  ohservatioii  which  are* 
fumlanienlal  to  the  use  of  the  spectroscope.  When  a  brilliant  (mot  ia 
examined  with  the  spectroscope,  it  is  spread  out  br  the  prijurt  into  a 
bund— the  s|)ectrum.  I'sing  two  prisms,  the  spectrum  becomes  loitger, 
but  the  liirht  of  the  surface,  beini;  spread  over  a  greater  area,  ia  en- 
feebled. Three,  four,  or  more  prisms  spread  out  the  spectrum  proper* 
tiuaally  more.  If  the  spectrum  is  of  an  iacandesceot  solid  or  liqoid,  it  j 
is  always  conllnunus,  and  it  can  be  enfeebled  to  any  degree ; 
auv  part  of  it  ran  tie  made  a.s  feeble  tks  desired. 

iTbis  method  is  preciselv  similar  in  principle  to  the  use  of  the  t .^__ 

in  riewing  stars  in  the  daytime.     The  telescope  lessens  the  brilliaacy] 
of  the  sky,  while  the  disk  of  the  star  is  kept  of  the  same  intcailqr,^ 
•a  it  is  a  point  in  itself.    It  thus  becomes  visible.    If  it  is  a  glowing  ^m, 
it*  Bp«ctrum  will  consist  of  a  detinite  numlter  of  lines,  say  Uiree— A.  B, 
C,  for  example.  Now  suppose  the  spectrum  of  this  gas  to  tie  supeipaaeA ' 
on  the  contmuous  spectrum  of  the  sun  ;  by  using  only  one  prin,  tiMi] 


*  Mr.  J.  KoRMXX  LocKTKR,  F.R8.,  of  London,  now  atteched  to 
the  Science  and  .A.rt  Department  of  the  South  Kensington  Muaeaai. 
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solar  Bppctmra  is  abort  iind  brilliant,  anil  evervpart  at  it  miiv  be  mare 
briUiaat  liian  the  line  spectrum  of  the  gas.  By  incrcasio);  tlie  disper- 
sion (the  number  of  prisms),  Ihe  solar  gpectrum  is  projjorlinaati'ly  en- 
feebled. If  Ihe  ratio  of  the  light  of  the  bodi(»  tlicmselvcH,  the  sun  and 
the  }»a9,  is  not  too  great,  the  continuous  gpectrum  niuy  be  so  enfeebled 
that  the  line  spectrum  will  be  visible  when  superposL'd  upon  it.  and 
the  spectnim  of  the  giLS  may  then  be  seen  evca  in  the  presence  of  true 
Buuliirht.  Sueb  was  ihe  process  imagined  ami  auL-ces.>ifiitIy  farric<l  out 
by  hit.  LocKYEn,  and  siirh  is  in  esjjence  the  method  of  viewing  the 
prominenci-s  loilav  adopted. 

The  Coronal 'Spectrum.— In  1889  (August  7th)  a  total  sokr 
eclipse  was  visible  in  the  United  States.  It  was  probably  observed 
by  more  astronomers  than  any  preceding  eclipse.  Two  American 
astronomers,  Professor  Yoctno,  of  Dartmouth  College,  and  Professor 
IIakkness,  of  the  Xaval  Observatory,  especially  observed  the  spec- 
trum of  the  corona.  This  spectrum  waa  found  to  consist  of  one 
faint  greenish  line  crossing  a  faint  continuous  sj>ectrum.  The 
place  of  this  line  in  the  maps  of  the  solar  spectrum  published  by 
KlJtciiiioKP  was  occupied  by  a  line  which  he  had  attritmted  to  the 
iron  spectrum,  and  which  huii  been  numbered  1474  in  his  list,  so 
that  it  is  now  spoken  of  as  1474  K.  This  line  is  probably  due  to 
some  gas  which  must  be  present  in  large  and  possibly  variable 
quantities  in  the  corona,  and  which  is  not  known  to  us  on  the  earth, 
in  this  form  ut  least.  It  is  probably  a  gas  even  lighter  than  hydro- 
gen, as  the  existence  of  this  line  has  been  traced  10'  or  20'  from 
the  sun's  limb  nearly  all  around  the  disk. 

In  the  eclipse  of  .July  2flth,  1878,  which  was  total  in  Colorado 
and  Texas,  the  continuous  spectrum  of  the  corona  was  found  to  be 
croRseil  by  the  dark  lines  of  the  solar  spectnira,  showing  that  the 
coronal  light  was  composed  in  part  of  reflected  sunlight. 


S   5.    SOURCES  OF  THE  SUN'S  HEAT. 

Theories  of  the  Stin's  Constitution. —  No  considerable 
fraction  of  the  heat  radiated  from  the  sun  returns  to  it 
from  the  celefitial  spaces,  since  if  it  did  tl>e  eurtli  would 
intercept  some  of  the  retunjiiig  rays,  and  the  temperature 
of  night  would  be  more  like  that  of  noonday.  But  we 
know  the  sun  is  daily  radiating  into  space  2,170,000,000 
times  as  much  heat  as  is  daily  received  by  the  earth,  and 
it  follows  that  unless  the  supply  of  heat  is  infinite  (which 
we  cannot  believe),  this  enormous  daily  radiation  must  in 
time  exliaust  the  supply.  When  the  snj^ply  is  exh 
or  even  seriously  trenched  upon,  the  result  to  ' 
itants  of  the  earth  will  be  fatal.     A  slow  du 
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the  daily  supply  of  heat  would  produce  a  slow  cliange  of 
climates  from  hotter  toward  colder.  The  eerioiw  re8alt£ 
of  a  fall  of  50°  in  the  raoan  annual  temperature  of  the 
earth  will  be  evident  when  we  remember  that  such  r  fall 
would  change  the  climate  of  France  to  that  of  Spitzber- 
gen.  The  temperature  of  the  buii  cannot  be  kept  up  by 
the  mere  eombiiBtioii  of  its  materials.  If  the  sun  were 
solid  carbon,  and  if  a  constant  and  adetjuate  supply  of 
o.vygen  were  also  present,  it  has  been  shown  that,  at  the 
present  rate  of  radiation,  the  heat  arising  from  tlie  com- 
bustion of  the  mass  would  not  lust  more  than  5000  years. 

An  explanation  of  the  solar  heat  and  light  lias  been 
suggested,  which  depends  upon  the  fact  that  great  amounts 
of  heat  and  light  are  ])ri)dnced  by  the  collision  of  two 
rapidly  moving  heavy  bodies,  or  even  by  the  passage  of 
a  heavy  body  like  a  meteorite  through  the  earth's  atmos- 
phere. In  fact,  if  we  had  a  certain  mass  available  witli 
which  to  produce  heat  in  the  sun,  and  if  this  mass  were  of 
the  best  possible  materials  to  produce  heat  by  burning, 
it  can  be  shown  that,  by  burning  it  at  the  surface  of  the 
Bun,  we  should  produce  vastly  less  heat  than  if  we  simply 
allowed  it  to  fall  into  the  sun.  In  the  last  case,  if  it  fell 
from  the  earth's  distance,  it  would  give  6000  times  more 
heat  than  by  its  burning. 

The  lecutt  velocity  with  which  a  body  from  space  could 
fall  upon  the  sun's  surface  is  in  the  neighborhood  of  280 
miles  in  a  second  of  time,  and  the  velocity  may  be  as  g;reat 
as  350  miles.  From  these  facts,  the  meteoric  theory  of 
solar  heat  originated.  It  is  in  effect  thai  the  heat  of  the 
sun  is  kept  up  by  the  impact  of  itieteors  upon  its  surface. 

No  doubt  immense  numbers  of  meteorites  fall  into  the 
Bun  daily  and  hourly,  and  to  each  one  of  them  a  certain 
considerable  portion  of  heat  is  due.  It  is  found  that,  to 
account  for  the  present  amount  of  radiation,  meteorites 
equal  in  mass  to  the  whole  earth  would  have  to  fall  into 
the  sun  every  century.  It  is  extremely  improbable  that  a 
mass  one  tenth  as  large  as  this  is  added  to  the  eun  in  this 
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way  per  century,  if  for  no  other  reason  because  the  earth 
itself  and  every  planet  would  receive  far  more  than  its 
present  share  of  nieteorites,  aud  would  itself  become  quite 
hot  from  this  cause  alone. 

There  is  still  another  way  of  afcnuntiug  for  the  sun's 
constant  supjily  of  energy,  and  this  has  the  advantage  of 
appealing  to  no  cause  outside  of  the  sun  itself  in  the  ex- 
planation. It  is  by  supposing  the  heat,  light,  etc.,  to  be 
generated  by  a  constant  and  gradual  contraction  of  the 
dimensions  of  the  solar  sphere.  As  the  globe  cools  by 
radiation  into  space,  it  nmst  contract.  In  so  contracting  its 
ultimate  constituent  parts  are  drawn  nearer  together  by 
their  mutual  attraction,  whereby  a  fonn  of  energy  is  de- 
veloped wliieli  can  be  tninsfomied  into  lieat,  light,  elec- 
tricity, or  other  pliyeieal  forces. 

This  theory  is  in  complete  Rgreemcnt  with  the  known 
laws  of  force.  It  also  adnn'ts  of  precise  comparison  with 
facts,  since  the  laws  of  heat  enable  ns,  from  the  known 
amount  of  heat  radiated,  to  infer  the  exact  amount  of  con- 
traction ill  inches  wliicb  the  linear  dimensions  of  the  sun 
must  undergo  in  order  that  this  supply  of  lieat  may  be 
kept  unchanged,  as  it  is  jiractically  found  to  be.  With 
the  present  size  of  tlic  sun,  it  is  found  that  it  is  only 
necessary  to  suppose  that  its  diameter  is  diminishing  at  the 
rate  of  about  220  feet  per  year,  or  4  nnles  jjer  centnrj', 
in  order  that  the  supply  of  heat  radiated  shall  be  constant. 
It  is  plain  that  such  a  change  as  this  may  l>e  taking  ])lace, 
since  m'c  possess  no  instruments  suiliciently  delicate  to 
have  detected  a  change  of  even  ten  times  this  amount 
since  the  invention  of  the  telescope. 

It  may  seem  a  paradoxical  conclusion  that  the  cooling 
of  a  body  may  cause  it  to  become  hotter.  This  indeed  is 
true  only  when  we  suppose  the  interior  to  be  gaseous,  and 
not  solid  or  liquid.  It  is,  however,  proved  by  theory  that 
this  law  holds  for  gaseous  masses. 

If  a  spherical  masR  of  goa  be  condenaed  to  one  half  the  primitive 
diameter,  the  central  attraction  upon  any  part  of  ita  maas  willbr  !" 
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creased  fourfold,  while  the  surface  subjected  to  this  attraction  itfll 
be  reduced  to  one  fourth.  Hence  the  pressure  per  unit  of  surfacr 
will  be  Hugraeoted  sixteen  times,  while  the  density  will  be  iocreued 
but  eight  times.  If  the  elastic  and  the  gravitating  forces  were  in 
ecjuHibrium  in  the  original  eoiulitiiin  of  the  mass,  the  temperature 
must  he  doubled  in  ordtr  that  lliey  may  still  be  in  equilibrium  when 
the  diameter  is  reduted  to  one  half. 

If,  however,  the  jiritnitive  body  is  originally  solid  or  liquid,  or  if, 
in  the  course  of  time,  it  becomes  so,  then  this  law  cea.ses  to  hold,  and 
radiation  of  heat  produces  a  loweritig  of  the  temperature  of  the 
body,  whiih  progressively  continues  until  it  is  finally  reduced  to  the 
temperature  of  surrounding  space. 


We  cannot  say  whether  the  sun  has  yet  begun  to  liquefy 
in  his  interior  parts,  and  licnee  it  is  impossible  to  predirt 
at  present  tlic  duration  of  his  oonstaut  radiation.  Theory 
shows  us  that  after  about  5,1)00,000  years,  the  sun  radiating 
lieat  as  at  present,  and  still  remaining  gaseous,  will  be  re- 
duced to  one  half  of  its  present  volume.  It  seems  prob- 
able tliat  somewhere  about  this  time  the  solidification 
will  have  begun,  and  it  is  roughly  estimated,  from  this 
line  of  argument,  tliat  the  present  conditions  of  Iieat  radi- 
ation cannot  last  greatly  over  10,(M)0,OoO  years. 

The  future  of  the  sun  (and  henee  uf  the  earth)  cannot, 
as  we  see,  be  traced  with  great  exactitude.     Tlio  past  can 
be  more  closely  followed  if  we  a.ssume  (which  is  tolerably 
safej  that  the  sun  up  to  the  present  has  been  ag^eous,  and 
not  a  solid  or  liquid  mass.     Four  hundred  years     ago, 
then,  the  sun   was  about  Kl  miles  greater  in  diameter 
than  now  ;  and  if  we  suppose  this  process  of   contrac- 
tion  to   have  regularly   gone   on   at  the   same   rate    (an 
uncertain  supposition),  we  can  fix  a  date  when  tlie  snn 
filled   any  given  space,   out   even   to   the  orbit  of  Nep- 
tune— that  is,  to  the  time  when  tho  solar  system  consisted 
of  but  one  body,  and  that  a  gaseous  or  nebulous    one. 
It  will  subsequently  be  seen  that  the  ideas  here  reached 
dposien'ori  have  a  striking  analogy  to  the  d  priori  ideas 
of  Kant  and  La  Pi-aue. 

It  is  not   to  be  taken  for  granted,   however,   that  tlie 
amount  of  heat  to  be  derived  from  the  contraction  of  the 
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Bnn'a  dimeneions  is  infinite,  no  matter  how  large  the  prim- 
itive dimensions  may  have  been.  A  body  falling  from 
any  distance  to  the  sun  can  only  have  a  certain  tinite  veloc- 
ity depending  on  this  distance  and  the  mass  of  the  snn 
itself,  which,  even  if  the  fall  he  from  an  infinite  distance, 
cannot  exceed,  for  the  snn,  350  miles  per  second.  In 
the  same  way  the  amount  of  heat  generated  by  the  con- 
traction of  the  Bun's  volnnie  from  any  size  to  any  other  is 
finite,  and  not  infinite. 

It  has  la'en  uliowii  that  if  the  snn  has  always  been 
nuliating  heat  at  iu  present  rate,  and  if  it  had  originally 
filled  all  space,  itiias  rcipiircd  18,000,000 years  to  contract 
to  its  present  volninc.  In  nthcr  words,  assinniiigtlie  pres- 
ent rate  of  radiation,  and  taking  the  most  favorable  case, 
the  age  of  the  sun  tloes  not  exceed  18,U0O,iHiO  yeaiv.  The 
earth,  is  of  conrse,  less  aged.  The  supposition  lying  at  the 
base  of  this  estimate  is  that  the  radiation  of  the  sun  has 
been  constant  throughout  the  whole  period.  This  is  quite 
nidikcly,  and  any  changes  in  this  datum  atTcct  greatly  tiio 
final  inunbcr  of  years  whicli  we  have  assigned.  While 
this  nundtcr  may  bo  greatly  in  error,  yet  the  method  of 
obtaining  it  seems,  in  tlie  ]>rescnt  state  of  science,  to  be 
satisfactory,  and  tlio  main  conclusion  remains  that  the  past 
of  the  sun  is  finite,  and  that  iu  :dl  probability  its  future  is 
a  limited  one.  The  exact  number  of  centuries  that  it  is  to 
last  are  of  no  moment  even  were  the  data  at  hand  to  ob- 
tain them  :  the  essentia!  point  is,  that,  so  far  as  we  can 
see,  the  sun,  and  incidentally  the  solar  system,  lias  a  finite 
past  and  a  limited  futnrc,  and  that,  like  other  natural  ob- 
jects, it  passes  through  its  regular  stages  of  birth,  vigor, 
decay,  and  death,  in  one  order  of  progress. 


CHAPTER    III. 

THE  INFERIOR  PLANETS. 

g  1.    MOTIONS  AlTD  ABPSOTB. 

The  inferior  planets  are  tliose  whose  orbits  lie 
the  sun  and  the  orbit  of  the  earth.  Commencing  witli  Uw  , 
more  distant  ones,  they  comprise  Ventis,  Mercury,  and,  ^^| 
tlie  opinion  of  sunic  iistronomcrs,  a  planet  called  VtUemtf 
or  a  group  of  planets,  inside  the  orbit  of  Mercury.  The 
planets  Mercury  and  Yenvs  liave  so  much  in  common  tbat 
a  large  part  uf  what  we  have  to  say  of  one  can  be  applied 
to  the  other  •with  but  little  modification. 

The  real  and  apparent  motions  of  these  planets  have 
already  been  briefly  described  in  Part  I.,  Chapter  IV.  It 
will  be  remembered  that,  in  accordance  with  EIepleb's 
third  law,  their  periods  of  revolution  around  the  snn  are 
less  than  that  of  the  earth.  Consequently  they  overtake 
the  latter  between  successive  inferior  conjunctions. 

The  interval  between  these  conjunctions  is  about  four 
months  in  the  case  of  Ifercury,  and  between  nineteen  and 
twenty  months  in  that  of  Venus.  At  the  end  of  this 
period  each  repeats  tlie  same  series  of  motions  relative  to 
the  sun.  What  these  motions  arc  can  be  readily  seen  by 
studying  Fig.  84.  In  the  first  ])lace,  suppose  the  earth, 
at  any  point,  E,  of  its  orbit,  and  if  we  draw  a  line,  S  L 
or  E  M,  from  E,  tangent  to  the  orbit  of  either  of  these 
planets,  it  is  evident  that  the  angle  M'hich  this  line  wakes 
with  that  drawn  to  the  sun  is  the  greatest  elongation  of 
the  planet  from  the  sun.     The  orbits  being  eccentrio,  this 
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case  of  Me 


ition  varies  witk  tlie  pcisition  of  the  earth.     In  the 


It 


fr. 


lfi°  to  29°,  while  in  the 


Fia.  84. 


ranj^ei 

of  which  is  nearly  eircxilar,  it 
varies  very  little  from 
45°.  These  planets, 
therefore,  Becm  to  have 
■M\  useillating  motion, 
tii-st  bwinging  toward  the 
east  of  the  Bun,  and  then 
toward  the  west  of  it,  as 
already  explained  in  Part 
I.,  Chapter  IV,  Since, 
owiiiir  to  the  annual  revo- 
hifioii  uf  the  earth,  the 
6UU  has  a  constant  east- 
ward motion  among  the 
etars,  those  planets  must 
liare,  on  the  wliole,  a  comispouding  though  intemnttent 
motion  in  the  same  direction.  Therefore  the  ancient 
astronomers  supposed  their  period  of  revolution  to  \k  one 
year,  the  same  a.s  that  of  the  sun. 

If,  again,  we  draw  a  line  A'.S' t' from  the  earth  through 
the  sun,  it  is  evi(k'ut  that  the  tirst  point  /,  in  which  this 
line  cuts  the  orhit  uf  the  planet,  or  the  point  of  inferior 
coujunetinn,  will  (leaving  eccentricity  out  of  the  question) 
he  the  least  distance  of  the  planet  from  the  earth,  while  the 
second  point  C,  or  the  point  of 
Bujierior  conjunction,  on  the  op- 
posite feide  of  the  sun,  will  ho 
the  greatest  distance.  Owing  to 
the  difference  of  these  distances, 
the  apparent  magnitude  of  these 
planets,  as  seen  from  the  earth, 
is  subject  to  great  variations. 

Fig.  85  shows  these  variations  in  tlie  case  of  Mercury, 
A  representing  its  apparent  magnitude  when  at  its  greatest 
distance,  B  when  at  its  mean  distance,  and  C  when  at  its 
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least  distance.  In  the  caae  of  Ventt«  (Fig.  86)  the  varia- 
tions are  much  greater  than  in  that  of  Mercury,  the  great- 
est distance,  1-72,  being  more  t)ian  six  times  the  leart 
distance,  which  is  only  0-28.  Tlie  variatious  of  apparent 
magnitude  are  therefore  great  in  tlie  same  proportion. 

In  thus  representing  the  apparent  angular  luagiiitode 
of  these  planets,  we  suppose  their  whole  disks  to  be  ^-isible, 
as  they  would  be  if  they  shone  by  their  own  light.  But 
since  they  can  l)e  seen  only  by  the  reflected  light  of  the 
enn,  only  those  portions  of  the  disk  can  be  seen  wliich  are 
at  the  same  time  visible  from  the  sun  and  from  tlie  earth. 
A  very  little  consideration  will  sliow  that  the  proportion 
of  the  disk  which  can  be  seen  constantly  diminishes  a«  the 
planet  approaches  the  earth,  and  looks  larger. 


— ArPARBNT  MAONITUDEB  OF  DISK  OP  VEITUB. 


When  the  planet  is  at  its  greatest  distance,  or  in  superior 
conjunction  (6',  Fig.  84),  its  whole  illuminated  hemisphere 
can  be  seen  from  the  earth.  As  it  moves  around  and  ap- 
proaches the  earth,  the  illuminated  hemisphere  is  gradnall  v 
turned  from  us.  At  the  point  of  greatest  elongation,  M 
or  L,  one  half  the  heruisphcre  is  visible,  and  the  planet 
has  the  form  of  tlie  moon  at  iirst  or  second  ijuarter.  As 
it  approaches  inferior  conjunction,  the  apparent  visible  di«k 
assumes  the  form  of  a  crescent,  which  becomes  thinner 
and  thinner  iv&  the  planet  approaches  the  sun. 

Fig.  87  shows  the  apparent  disk  of  Mercury  at  various 
times  during  its  synodic  revolution.  The  planet  will  ap- 
pear brightest  when  this  disk  baa  the  greatest  surfaoe. 
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This  occurs  about  half  way  between  greatest  elongation 
and  inferior  conjunction. 

In  consequence  of  the  clmnges  in  the  brilliancy  of  these 
planets  produced  by  the  variations  of  distance,  and  those 
produced  by  the  variations  in  the  proportion  of  illuminated 
disk  visible  from  the  earth,  partially  compensating  each 
other,  their  actual  brilliancy  is  not  subject  to  such  great 
variations  as  might  have  been  expected.  As  a  general  rule, 
Menmry  sliinea  with  a  light  exceeding  that  of  a  star  of 
the  tirst  magnitude.  But  owing  to  its  proximity  to  the 
sun,  it  can  never  be  seen  by  the  naked  eye  except  in  the 
west  a  short  time  after  sunset,  and  in  the  east  a  little  be- 
fore sunrise.     It  is  then  of  necessity  near  the  horizon,  and 


•  <  C  ( 
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ORBIT. 

therefore  does  not  seem  so  bright  as  if  it  were  at  a  greater 
altitude.  In  our  latitudes  we  nught  almost  say  that  it  is 
never  visible  except  in  the  morning  or  evening  twilight. 
In  higher  latitudes,  or  in  regions  where  the  air  is  less 
transparent,  it  is  scarcely  ever  visible  without  a  telescope. 
It  is  said  that  Coperniocs  died  without  ever  obtaining  a 
view  of  the  planet  Mercury. 

On  the  other  hand,  the  planet  Venus  is,  next  to  the  sun 
and  moon,  the  most  brilliant  object  in  the  heavens.  It  is 
BO  much  brighter  than  any  Axed  star  that  there  can  seldom 
be  any  difficulty  in  identifyinar  '♦  '  ob- 

server might  under  some  e 
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distinguishing  between  Venus  and  Jwpiter,  but  the  difier- 
ent  motions  of  the  two  planets  will  enable  him  to  distin- 
guish them  if  tliey  are  watched  from  night  to  iiight  dur- 
ing several  weeks. 


g  2.    ASPECT  AITB  BOTATIOK  OF  MKaCTTBY. 

The  various  phases  of  Mercury,  as  dependent  upon  ita 
various  poeitioiis  relative  to  the  sun,  have  already  been 
shown.     If  the  planet  were  an  opaque  sphere,  without  in- 
equalities and  without  an  atmosphere,  the  apparent  disk 
would  always  be  bounded  bj  a  circle  on  one  side  and  an 
ellipse    on    the    other,    as    represented   in    the    figure. 
Whether  any  variation  from  this  simple  and  perfect  form 
has  ever  been  detected  is  au  open  question,  the  balance  of 
evidence  being  very  strongly  in  the  negative.     Since  no 
spots  are  visible  upon  it,  it  would  follow  that  luiless  vari- 
ations of  form  due  to  inequalities  on  its  surface,  such  as 
mountains,  can  be  detected,  it  is  impossible  to  determine 
whether  the  planet  rotates  on  its  axis.     The  only  e\'idence 
in  favor  of  such  rotation  is  that  of  ScnKOTEK,  the  celebrated 
astronomer  of  Lilienthal,  who  made  the  telescopic   study 
of  the  moon  and  planets  liis  principal  work.     About   the 
beginning  of  the  iircscnt  century  he  noticed  that  at  certain 
times  the  south  horn  of  the  crescent  of  Mercury  seemed  | 
to  be  blunted.     Attributing  this  appearance  to  the  shadow 
of  a  lofty  mountain,  he  concluded  that  the  planet  Mercury 
revolved  on  its  axis  in  a  little  more  than  24  hours.      But 
this  planet  has  since  been  studied  with  instniments  much 
more  powerful  than  those  of  Sohr<'jtek,  and  no  contirin» 
tion  of  his  results  has  been  obtained.     We  must  therefore 
conclude  that  the  period  of  rotation  of  Mercury  on   its 
axis  is  entirely  unknown. 

Respecting  an  atmosphere  of  Mercury,  the  evidence  is  , 
also  conilicting.     The  spectrum  of  this  planet  has  been 
studied  by  Dr.  Vooel,  now  astronomer  at  the  Physical 
Observatory  of  Potsdam,  who  finds  that  its  principal  hnea 
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coincide  with  those  of  the  Bun.  Of  course  we  should 
expect  this  because  the  planet  shines  by  reflected  solar 
light.  But  he  also  finds  that  certain  lines  are  seen  in  the 
spectrum  of  Mercury  which  we  know  to  be  due  to  tlie  ab- 
sorption of  the  earth's  atmosphere,  and  which  appear 
more  dense  than  they  should  from  the  simple  passage 
through  our  atmospliure.  This  would  seem  to  show  that 
Mereury  has  an  envelope  of  gjiseous  matter  somewhat  like 
our  own.  On  the  other  hand.  Dr.  Zolij<ek,  of  Leipsic, 
by  measuring  the  amount  of  light  reflected  by  the  planet 
at  various  times,  concludes  that  Mercury,  like  our  moon, 
is  devoid  of  any  atmosphere  sufficient  to  reflect  the  light 
of  the  Sim.  We  may  therefore  regard  it  as  doubtful 
whether  any  evidence  of  an  atmosphere  of  Mercury  can 
be  obtained,  and  it  is  certain  that  we  know  nothing  defi- 
nite respecting  its  physical  cuuetitutiou. 


g  3.    THE  ASPECT  AJSTD  SUTPOSED  ROTATION 

VENUS. 


OF 


As  Vetius  sometimes  comes  nearer  the  earth  than  any 
other  primary  planet,  astronomers  have  examined  its  sur- 
face with  great  interest  ever  since  the  invention  of  the 
telescoi>e.  But  no  conclusive  evidence  respecting  the  ro- 
tation of  the  planet  and  no  proof  of  any  changes  or  any 
inequalities  on  its  surface  have  ever  been  obtained.  Tlie 
observations  are  either  very  discordant,  or  so  difficult 
and  unreliable  tliat  we  may  reailily  suppose  the  ob- 
servers to  have  been  misled  as  to  what  they  saw.  In  1767 
Cassini  thought  he  saw  a  bright  spot  on  Venus  during 
several  successive  evenings,  and  concluded,  from  his  sup- 
posed observation  that  the  j)lanet  revolved  on  its  axis  in  a 
little  more  than  23  bonre.  The  subject  was  next  taken  up 
by  Blajichini,  an  Italian  astronomer,  who  supposed  that 
he  saw  a  number  of  dark  regions  on  the  planet.  These  he 
considered  to  be  seas  or  oceans,  and  he  went  so  far  as  to 
give  them  names.     Watching  them  from  night  to  night. 
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he  concluded  that  the  time  of  rotation  of  Venus  was  more 
than  24  days.  Again,  Scuboter  thought  that,  when  (V 
nua  was  a  crescent,  one  of  its  sharp  points  was  blunteJ 
at  certain  intervals,  as  in  the  case  of  Mercury.  He  formed 
the  same  theory  of  the  cause  of  this  appearance — namely, 
that  it  was  due  to  the  shadow  of  a  high  mountain.  He  con- 
cluded that  tlie  time  of  rototion  found  by  Casblni  was  nea^ 
ly  correct.  Finally,  in  1842,  De  Vico,  of  Rome,  thought 
he  could  see  the  same  dark  regions  or  oceans  on  the  planet 
which  had  been  seen  by  Blanchimi.  He  concluded  that  the 
true  time  of  rotation  was  23''  21"  22*.  This  result  has  goni; 
into  many  of  our  text-books  as  conclusive,  but  it  is  contr*- 
dicted  by  the  investigation  of  many  excellent  observen 
with  much  better  instruments.  Herschel  was  never  able  to 
see  any  permanent  markings  on  Yemis.  If  he  ever  caught 
a  glimpse  of  spots,  they  were  so  transient  that  he  could 
gather  no  evidence  respecting  the  rotation  of  tlio  planet 
He  therefore  concluded  that  if  they  really  existed,  thev 
were  due  entirely  to  clouds  floating  in  an  atmosphere,  and 
that  no  time  of  rotation  could  be  deduced  by  ob8er\-iiig 
them.  This  view  of  Herschel,  so  far  as  concerns  the 
aspect  of  the  planet,  is  confirmed  by  a  study  with  the  mott 
powerful  telescopes  in  recent  times.  With  the  great 
Washington  telescope,  no  permanent  dark  spots  and  no 
regular  blunting  of  either  horn  has  ever  been  observed. 

It  may  seem  curiotis  that  skilled  observers  could  hare 
been  deceived  as  to  what  they  saw  ;  but  we  must  remem- 
ber that  there  are  many  celestial  phenomena  which  are  ex- 
tremely difficult  to  make  out.  By  looking  at  a  drawing 
of  a  planet  or  nebula,  and  seeing  how  plain  every  thing 
seems  in  the  picture,  we  may  be  entirely  deceived  as  to  the 
actual  aspect  with  a  telescope.  Under  the  circumstances,  if 
the  observer  has  any  preconceived  theory,  it  is  veiy  eaey 
for  him  to  think  he  sees  every  thing  in  accordance  with 
that  theorj'.  Now,  there  are  at  all  times  great  dlffcrencee 
in  the  brilliancy  of  the  different  parts  of  the  disk  of  VenuA. 
It  is  brightest  near  the  round  edge  which   is    tamed 


A8PECTB  OP  VENUS. 


toward  tbe  sun.  Over  a  small  spaeo  tlie  brightness  is  such 
that  some  recent  observers  have  foniied  a  theory  that  the 
Bun'«  light  is  reflected  as  from  a  mirror.  On  the  other 
hand,  near  the  Iwnndary  between  Sight  and  darkness,  the 
surface  is  mucli  darker.  Mureuver,  owing  to  the  uiidu- 
lationsof  our  atmosphere,  the  aspect  of  any  planet  so  small 
and  bright  as  Venus  is  constantly  changing.  The  ddIx 
way  to  reach  any  certain  conclusion  respecting  its  ap- 
pearance is  to  take  an  average,  as  it  were,  of  the  appear- 
ances as  modified  by  the  undulations.  In  taking  this  aver- 
age, it  is  very  easy  to  imagine  variations  of  light  and  dark- 
ness which  have  no  real  existence  ;  it  is  not,  therefore,  sur- 
prising that  one  astronomer  should  follow  ui  the  footsteps 
of  another  in  seeing  imaginary  markings. 

Atmosphere  of  Venus. — The  evi<lL'nce  of  an  atmosphere 
of  Venus  is  perhaps  more  conclusive  than  in  the  ea«e  of 
any  other  planet.  When  Venu«  is  observed  very  near 
its  inferior  conjunction,  and  when  It  therefore  presents  the 
view  of  a  very  thin  crescent,  it  is  found  that  this  crescent 
extends  over  more  than  180°.  This  would  be  evidently 
impossible  unless  the  sim  illuminated  mure  than  one  half 
the  planet  One  of  the  most  fortunate  observers  of  this 
phenomenon  was  Professor  C.  S.  Lyman,  of  Yale  College, 
who  observed  Venus  in  December,  186<>.  The  inferior 
conjunction  of  the  planet  oecnrred  near  the  a.scending 
node,  BO  that  its  angular  distance  from  the  sim  was  lesa 
than  it  had  been  at  any  former  time  during  the  present  cen- 
tury. Professor  L^tkan  saw  the  disk,  not  as  a  thin  cres- 
cent, but  as  an  entire  and  extremely  fine  circle  of  light. 
We  therefore  conclude  that  Venus  has  an  atmosjjlicre 
whi(!h  exercises  so  powerful  a  refraction  upon  the  liglit  of 
the  sun  that  the  latter  illuminates  several  ilcgrees  m» 
than  one  half  the  globe.  A  jdienLimenon  which  miwt 
attributed  to  the  same  wiusc  has  several  times  beer 

1       served  during  transits  of  Venu«.     Dtiriui;  tlw*  tr 

I        December  Sth,  1ST4,  most  of  the 

I       a  fine  steady  atmosphere  saw  tluit 
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tially  projected  on  the  sun,  the  ontline  of  that  part  of  Hb 
disk  outside  the  sun  could  be  distinguished  by  a  delicate 
line  of  light.  A  Biniilar  appearance  was  noticed  hj  David 
RnTENHOusE,  of  Philadelphia,  on  June  3d,  1769.  From 
these  several  observations,  it  would  seem  that  the  refractive 
power  of  the  atmosphere  of  Venus  is  greater  than  that  of 
the  earth.  Attempts  have  been  made  to  determine  its  ex- 
act amount,  but  they  are  too  uncertain  to  be  worthy  of 
(quotation. 

§  4.    TRANSITS  OP  MEHCfUBY  AND  VENTTS. 

When  Mercury  or  Veniis  passes  between  the  earth  and 
sun,  BO  as  to  appear  projected  on  the  sun's  disk,  the  phe- 
nomenon is  cAlled  a  tratisit.  If  these  planets  moved  around 
the  sun  in  the  plane  of  the  ecliptic,  it  is  evident  that 
there  would  bo  a  transit  at  every  inferior  conjunction.  But 
since  their  orbits  are  in  reality  inclined  to  the  ecliptic, 
transit*  can  occur  only  when  the  inferior  conjunction  takes 
place  near  the  node.  In  order  that  there  may  be  a  transit, 
the  latitude  of  the  planet,  as  seen  from  the  eartli,  must 
be  less  than  the  angular  semi-diameter  of  the  sun — that  is, 
less  than  16'.* 

The  longitude  of  the  descending  node  oi  Mercury  at  the 
present  time  is  227°,  and  therefore  that  of  the  ascending 
node  47°.  The  earth  haa  these  longitudes  on  May  7th  and 
November  9th.  Since  a  transit  can  occur  only  within  « 
few  degrees  of  a  node.  Mercury  can  transit  only  within  a 
few  days  of  these  epochs. 

The  longitude  of  the  descending  node  of  Yenua  is  now 

*  The  mathematical  tttudent,  knowing  that  the  inclination  of  th«  orbit 
of  Mertury  is  7'  0'  and  that  of  Venwi  3°  34',  will  find  it  iin  interesting 
problem  to  calculate  the  limit*  of  distance  from  the  node  within  which  in- 
ferior conjunction  must  talce  place  in  order  that  a  transit  nmy  riccur. 
From  the  Ksocentric  latitude  16'  the  heliocentric  latitude  may  be  found 
by  multiplying  bv  the  distance  from  the  earth  and  dividing  by  that  from 
the  sun.  He  wfll  find  these  limits  to  lie  a  little  greater  (or  Jtf<v«wry 
than  for  Venut,  notwithstanding  its  greater  lacUnation,  and  to  bo  oi^t 
a  few  degrees  in  either  case. 


TBAA8IT8  OF  MBRCVR7. 


319 


about  256°,  and  therefore  that  of  the  ascending  node  \% 
76°.  The  earth  has  these  longitudes  on  June  6tli  and  De- 
cember 7th  of  eaoh  year.  Transits  of  Venu4  can  there- 
fore occur  only  within  two  or  three  days  of  these  times. 

Heciirrence  of  Transits  of  Mercxuy.— The  tmnsits  of  Jler- 
eury  and  tV/i'/«  recur  in  cycles  which  resomhle  the  eighteen- 
year  cycle  of  eclipses,  but  in  which  the  jirecision  of  the  recurrence 
is  less  striking.  From  the  mean  motions  of  Mercury  niul  the  eflrth 
iilreacly  given,  we  find  thai  the  mean  synodic  period  of  Afercury  is, 
in  decimals  of  a  Julian  year,  0''-31725t}.  Three  synodic  periods  are 
therefore  some  eighteen  dnys  less  thHn  a  year.  If,  then,  we  supjiose 
an  inferior  conjunction  of  Mercury  to  occur  exactly  at  a  node,  the 
third  conjunction  following  will  take  place  about  eighteen  days 
before  the  earth  again  reiiches  (he  node,  and  therefore  about  lb" 
from  the  nuiie,  since  the  curth  moves  nearly  1°  iu  a  day.  This  is 
far  outside  (he  limit  of  a  transit  ;  we  must,  therefore,  wait  until 
another  conjunction  occurs  near  the  same  place.  To  (ind  when 
this  will  he,  the  successive  .ulgar  fractions  which  converge  toward 
the  viilui-  of  the  above  period  may  be  found  by  the  method  of  con- 
tinued fractious.     The  first  five  of  these  fractious  are  : 


A 


W  T^ 


Here  the  denominators  are  numbers  of  syno<lic  periods,  while  the 
nunuTutors  vin  the  ap]injximnte  corresponding  number  of  years. 
By  actual  multiplication  we  And  : 

3  Periods  =  0!'-951768=  U  -  048232.  Error  =- 17* 

19                =  6  0378(M  =  6 -f-  027864.        ••      =  +  10- 

22      •'        =  6  •  970632  =  7 --02036a         "          -    7' 

41      ••        =  13007496=  13 -(-007496.        "      = -f    2''-7 

14.5      "        =  40002120=  4« -(-002120.        "      =  -+■    0'  76 


In  this  table  the  errors  show  the  number  of  degrees  from  the 
node  at  which  the  inferior  conjunction  will  occur  at  the  end  of  one 
year,  six  years,  seven  years,  etc.  They  are  found  fcy  multi)  j'ing 
the  fraction  by  which  the  intervals  exceed  or  fall  short  of  un  entire 
number  of  veiirK  by  300°.  It  will  be  seen  that  the  lUth,  '22d,  41st, 
and  14oth  conjunctions  occur  nearer  and  nearer  the  node,  or,  sup- 
posing that  we  do  not  sturt  from  a  node,  nearer  and  nearer  the  |K)int 
of  the  orbits  from  whicli  we  do  start.  It  follow*  that  thf  rccur- 
rcncc  of  a  transit  of  Mercury  at  the  aataa 
end  of  7  years,  probable  at  the  cti'I  nf  IS 

end  of  4(i  years.  '-.^^^^^^^■ii 

most  convenient  to  take  -  li^^^^^^^^Be         -      "i 

recur,  but  it  would  Mill  not  In  -<• 
years  11  days. 
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The  following  table  shows  th«  dates  of  occurrence  of  trannta  of 
Mereury  during  the  present  century.  They  are  separated  into  May 
transits,  which  occur  near  the  descending  node,  and  Norember 
etoes,  which  occur  near  the  ascending  node.  November  transits  are 
the  moat  numerous,  because  Mereury  ia  then  nearer  the  sun,  and 
the  transit  limits  are  wider. 


1799,  May  6. 
1832.  May  5. 
1845,  May  8. 
1878.  May  6. 
1891,  May  9. 


1808,  Nov.  9. 
1815.  Nov.  11. 
1822.  Nov.  5. 
1835.  Nov.  7. 
1848.  Nov.  10. 
1861.  Nov.  13. 
1868,  Nov. 
1881.  Nov. 
1894,  Nov. 


fi. 

7. 
10. 


It  will  be  seen  that  in  a  cycle  of  46  years  there  nre  two  May  tran- 
sits and  four  November  ones,  so  that  the  latter  are  twice  ad  nu- 
merous as  the  former.  These  numbers  may,  however,  chan^  slightly 
at  some  future  time  through  the  failure  of  a  recurrence,  or  the  en- 
trance of  a  new  transit  into  the  series.  Thus,  in  the  May  scries,  it 
is  doubtful  whether  there  will  be  an  actual  transit  46  years  after 
1891 — that  is,  in  1987— or  whether  Ifercizry  will  only  pass  very  near 
the  limb  of  the  sun.  On  the  other  hand.  Mercury  pnased  within  a  few 
minutes  of  the  sun's  limb  on  May  3d,  186.5,  and  it  will  probably 
gfraze  the  limb  46  years  later — that  is,  on  May  4th  or  Sth,  1911. 

Becurrenoe  of  Transits  of  Venus.— For  many  centuries 
past  and  to  come,  transits  of  Venut  occur  in  a  cycle  more  exact  than 
those  of  Mercury.  It  happens  that  eight  times  the  mean  motion  of 
Venut  is  very  ncariy  the  same  as  thirteen  times  the  mean   motion 

of  the  earth  ;  in  other  words,  Veniu 
makes  13  revolutions  around  the 
sun  in  nearly  the  same  time  that 
the  earth  makes  8  revolutions — 
that  i»,  in  eight  years.  During 
this  period  there  will  be  5  inferior 
conjunctions  of  Venut,  because  the 
latter  has  made  5  revolutions  more 
than  the  earth.  Consequently,  if 
we  wait  eight  years  from  an  inferior 
conjunction  of  Venn;  we  shall,  at 
the  end  of  that  time,  have  another 
inferior  conjunction,  the  fifth  in 
regular  order,  at  nearly  the  same 
point  of  the  two  orbits.  It  will, 
therefore,  occur  at  the  same  time 
of  the  year,  and  in  nearly  the  i 
position  relative  to  the  node  of  Vtnu$.  In  Fig.  88  let  S  rep 
the  sun,  and  the  circle  drawn  around  it  the  orbit  of  the  earth. 


9. — PONJtTNrnONS  OK 
VENUS 
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Suppose  also  that  at  the  moment  of  the  inferior  conjunction  of 
Ventu,  we  draw  a  straight  line  .S'l  through  Venia  to  the  earth  at  1. 
"We  shiill  tlien  have  to  wait  about  If  years  for  another  inferior  con- 
junction, during  whicii  time  the  earth  will  have  made  one  revolu- 
tion and  I  of  another,  and  Veiiua  '2j  revolutions.  The  straight  line 
drawn  through  the  ]x>int  of  inferior  conjuurtion  will  then  be  S  2. 
The  third  coajiinetion  will  in  the  same  way  lake  place  in  the  jxisi- 
tion  ,S  U,  which  is  If  revolutions  further  advaneed  ;  the  fourth  in 
the  position  Si,  and  the  fifth  in  the  jiosition  S !i.  If  the  corre- 
Bpnndence  of  the  motions  were  exact,  the  sixth  conjunction,  at  the 
enil  of  8  years  (5x11  =  8),  would  again  take  place  in  the  original 
position  .S  1,  and  nil  subsequent  ones  would  follow  in  the  same 
order.  All  inferior  conjunctions  would  then  take  place  at  one  of 
these  tive  points,  and  no  transit  would  ever  be  possible  unless  one 
of  these  points  should  chnnce  to  be  very  near  the  line  of  nodes. 

In  fact,  limvevcr,  the  correspondence  is. not  perfectly  exact,  but, 
at  the  end  of  H  years,  the  sixth  conjunction  will  take  place  not 
exactly  along  the  line  S\,  but  n  little  before  the  two  bodies  reach 
this  line.  The  actual  angle  between  the  line  tl\  and  that  of  the 
sixth  conjun<tion  will  be  about  2°  22',  the  point  shifting  back  to- 
ward the  direction  S4.  Of  course,  each  following  conjunction  will 
take  place  at  tlie  same  distance  back  from  that  of  eight  years  before, 
leaving  out  small  changes  due  to  the  eccentricities  of  lite  orbits  and 
the  variations  of  their  elements.  It  follows  then  that  if  we  su])pose 
the  five  lines  of  conjunction  to  have  a  retrograde  motion  in  a 
direction  the  o]tpusite  of  that  of  the  arrow,  amounting  to  2"  22'  in 
eight  years,  all  the  inferior  conjunctions  will  take  place  along  these 
five  lines.  The  distance  ai»art  of  the  lines  being  72"  and  the 
motion  about  18  per  year,  the  intervals  between  the  passages  of 
the  several  conjunction  lines  over  the  line  of  nodes  will  be  about 
240  years.     Really,  the  exact  time  is  24a  years. 

Suppose,  now,  that  a  conjunction  should  take  place  exactly  at  n 
node,  then  the  fifth  following  conjunction  would  take  jilaco 
2**  22'  before  reaching  the  node.  The  limits  within  which  a  transit 
can  occur  are,  however,  only  1"  46'  on  each  side  of  the  node  ;  con- 
8e(|uently,  there  would  be  no  further  transit  at  that  node  until  the 
next  following  conjunction  point  reached  it,  which  would  hapiH-n  at 
the  end  of  343  years.  If,  however,  the  conjunction  should  take  jilace 
between  0°  30'  and  1°  4(1'  a/lfr  rcacliing  the  node,  there  would  be  a 
transit,  and  the  fifth  following  conjunction  would  olso  occur  within 
the  limit  on  the  other  side  of  the  node,  so  that  we  should  have  two 
transits  eight  years  apart.  We  may,  therefore,  have  either  one 
transit  or  two  according  to  the  distance  from  the  node  at  which  the 
first  transit  occurs.  We  thus  have  at  any  one  no<le  either  a  single 
transit,  or  a  pair  of  transits  eight  years  apart,  in  a  cycle  of  24!)  years. 
At  the  middle  of  this  cycle  the  node  will  be  half  way  between  two 
of  the  conjunction  poiuts — the  points  I  and  8,  for  instance  ;  but  it  is 
e%'ident  that  in  this  case  the  opposite  node  will  coincide  with  the 
conjunction  point  2,  since  there  is  an  odd  number  of  such  points. 
It  follows,  therefore,  that  aliout  the  middle  of  the  interval  between 
two  consecutive  sets  of  transits  at  one  node  we  shall  have  a  transit 
or  8  pair  of  transits  at  the  op](ositc  node. 
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The  earth  passes  through  the  line  of  the  descending  node  of  the 
orbit  of  Venut  early  in  June  of  each  year,  and  through  the  ascendiss 
node  early  in  December.  It  follows,  therefore,  that  the  series  wiO 
be  a  transit  or  a  pair  of  transits  in  June  ;  then  an  interval  of  about  190 
years,  to  be  followed  by  a  transit  or  a  pair  of  transits  in  December, 
and  so  on.  Owing  to  the  eccentricity  of  the  orbits,  the  intervals 
will  not  be  exactly  equal,  the  motions  of  the  several  conjunction 
points  not  being  uniform,  nor  their  distance  exactly  73'.  The 
dates  and  intervals  of  the  transits  for  three  cycles  nearest  to  the 
present  time  are  as  follows  : 

Inteml& 
1518,  Judo  a.  1761,  June  S.  2004,  June  8.  8   jeAni 


1626,  June  1. 
1631,  Dec  7. 
1689,  Dec.  4. 


1769,  Jane  8. 
1874,  Dec.  9. 
1882.  Dec.  6. 


2012,  June  6.  106i 

2117,  Dec.  11.  8 


2125,  Dec.  8. 
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The  243-year  cycle  is  so  exact  that  the  actual  deviations  from  it 
are  due  almost  entirely  to  the  secular  variation  of  the  orbits  of 
Venut  and  the  Earth.  Moreover,  the  conjunction  of  Duccmber  8th, 
1874,  took  place  1°  25'  past  the  ascending  node,  so  that  the  con- 
junction of  1882  takes  place  about  1°  4'  before  reaching  the  node. 
Owing  to  the  near  approach  of  the  period  to  exactness,  several  pairs 
of  transits  near  this  node  have  taken  place  in  the  past,  at  equal  in- 
tervals of  343  years,  and  will  be  repeated  for  three  or  four  cycles  in 
the  future. 

Nearly  the  same  remark  applies  to  those  which  take  place  at  the 
descending  node,  where  pairs  of  transits  eight  years  apart  will 
occur  for  about  three  cycles  in  the  future.  Owing,  however,  to 
secular  variations  of  the  orbit,  the  conjunction  point  for  the  second 
June  transit  of  each  pair  and  the  first  December  transit  will,  after 
perhaps  a  thousand  years,  take  place  so  far  from  the  node  that  the 
planet  will  not  quite  touch  the  sun,  and  then  during  a  period  of 
many  centuries  there  will  only  be  one  transit  at  each  node  in 
every  243  years,  instead  of  two,  as  at  present. 


%  6.    STTPPOSED  nrPRAMBHCtnaiAl.  PLAITETS. 

Some  astronomers  are  of  opinion  that  there  is  a  email 
planet  or  a  group  of  planets  revolving  around  the  eun 
inside  the  orbit  of  Mercury.  To  this  supposed  planet  the 
name  Vulcan  baa  been  given  ;  but  astronomers  generally 
discredit  the  existence  of  such  a  planet  of  considerable 
size,  because  the  evidence  in  its  favor  ia  not  regarded  aa 
concluaive. 


TSa  BUPPOaKD  yjJLGAN.  833 

The  evidence  in  favor  of  the  existence  of  such  pl&nett  may  be 
divided  into  ttiree  classes,  as  followa,  which  will  be  considered  in 
their  order : 

ri)  A  motion  of  the  perihelion  of  the  orbit  of  Mercury,  supposed 
to  be  due  to  the  attraction  of  such  a  planet  or  group  of  planets. 

(2)  Transits  of  dark  bodies  across  the  disk  of  the  sun  which  have 
been  supposed  to  be  seen  by  various  observers  during  the  past  cen- 
tury. 

(3)  The  observation  of  certain  unidentified  objects  by  Professor 
Watsom  and  Mr.  Lewis  Swift  during  the  total  eclipse  of  the  sun, 
July  3»th,  1878. 

(1)  In  1858,  Le  Verrieb  made  a  careful  collection  of  all  the  obser- 
vations on  the  transits  of  Mercury  which  had  been  recorded  since  the 
invention  of  the  telescope.  The  result  of  that  investigation  was 
that  the  observed  times  of  transit  could  not  be  reconciled  with  the 
calculated  motion  of  the  planet,  as  due  to  the  gravitation  of  the 
other  bodies  of  the  solar  system.  He  found,  however,  that  if,  in 
addition  to  the  changes  of  the  orbit  due  to  the  attraction  of  the 
other  planets,  he  supposed  a  motion  of  the  perihelion  amounting  to 
38"  in  a  century,  the  observations  could  all  be  satisfied.  Such 
a  motion  might  be  produced  by  the  attraction  of  an  unknown 
planet  inside  the  orbit  of  Mrrcury.  Since,  however,  a  single 
planet,  in  order  to  produce  this  eSfect,  would  have  to  be  of  coasTd- 
erablc  size,  and  since  no  such  object  had  ever  been  observed  during 
a  total  eclipse  of  the  sun,  he  concluded  that  there  was  probably  a 
group  of  planets  much  too  small  to  be  8C[VBruteIy  distinguished. 
So  far  as  the  discrepancy  between  theory  and  observation  is  con- 
cerned, these  results  of  Le  Vkrbikr'b  have  been  completely  con- 
firmed by  tlie  mathematical  researches  of  Mr.  O.  W.  Hill,  and  by 
observations  of  transits  since  Lk  Vehriek's  calculations  were  com- 
pleted. Indeed,  the  result  of  these  researches  and  observations  is 
that  the  motion  of  the  perihelion  is  even  greater  than  that  found 
by  Le  Vekrier,  the  surplus  motion  being  more  than  40"  in  a  cen- 
tury. There  is  no  known  way  of  accounting  for  this  motion  in 
accordance  with  well-established  laws,  except  by  sup}iosing  matter 
of  some  sort  to  be  revolving  around  the  sun  in  the  supposed  posi- 
tion. At  the  same  time  it  is  always  possible  that  the  effect  may 
be  produced  by  some  unknown  cause.* 

(2)  Astronomical  records  contain  upward  of  twenty  instances 
in  which  dark  Ijodies  have  been  supposed  to  be  seen  in  transit 
across  the  disk  of  the  sun.  If  we  suppose  these  observations  to  be 
all  perfectly  correct,  the  existence  of  a  great  number  of  considerable 

Slanets  within  the  orbit  of  Mercury  would  be  placed  beyond  doubt. 
'Ut  a  critical  analysis  shows  that  these  observations,  considered  as  a 
class,  are  not  entitled  to  the  slightest  credence.     In  the  first  place, 


*  An  eloctro-dynamic  theory  of  attraction  has  been  within  the  part 
twentv  years  sugKcsled  by  several  Oennan  physicists,  wbicli  inrolvea 
•  small  variation  from  the  ordinary  theory  of  gravitation.  It  haa  beoi 
shown  that,  by  supposing  this  theory  true,  the  motion  of  the  periheUoo 
of  Mereury  could  oe  accounted  for  oy  the  attraction  of  the  mib. 
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scarcely  aoy  of  them  were  made  by  experienced  observers  wilk 
powerful  instrumenta.  It  is  very  easy  for  an  unpractised  obserrer 
to  mistake  a  round  solar  spot  for  a  planet  in  transit.  It  may  there- 
fore be  supposed  that  in  many  cases  the  observer  saw  nothing  but 
B  spot  on  the  sun.  In  fact,  the  very  last  instance  of  the  kind,  on 
record  was  an  observation  by  Weber  at  Peckeloh,  on  April  4th, 
1876.  He  published  an  account  of  his  observation,  which  be  sup- 
posed was  that  of  a  planet,  but  wlicn  the  publication  reachod  other 
observers,  who  had  been  examining  the  sun  at  the  same  time,  it 
was  shown  conclusively  that  what  he  saw  was  nothing  more  than 
an  unusually  round  solar  ajHit.  Again,  in  most  of  the  cases  referred 
to,  the  object  seen  was  described  as  of  such  magnitude  that  it 
could  not  fail  to  have  been  noticed  during  total  eclipses  if  it  bad 
any  real  existence.  It  is  also  to  be  noted  that  if  such  planets  ex- 
isted they  would  frequently  pass  over  the  disk  of  the  sun.  Dur- 
ing the  past  fifty  years  the  sun  has  been  observed  almost  every 
day  with  the  greatest  assiduity  by  eminent  ol)scrvers,  armed  with 
powerful  instruments,  who  have  made  the  study  of  the  sun's  sur- 
face and  spots  the  principal  work  of  their  lives.  None  of  these 
observers  has  ever  recorded  the  transit  of  an  unknown  planet.  This 
evidence,  though  negative  in  form,  is,  under  the  circumstances,  con- 
clusive against  the  existence  of  such  a  planet  of  such  magnitude 
as  to  be  visible  in  transit  with  ordinary  instruments 

(3)  The  observations  of  Professor  Watson  during  the  total 
eclipse  above  mentioned  seem  to  afford  the  strongest  evidence  yet 
obtained  in  favor  of  the  real  existence  of  the  ))lanet.  His  mode  of 
proceeding  was  briefly  this  :  Sweeping  to  the  west  of  the  sun 
during  the  eclipse,  he  saw  two  objects  \n  ]>ositions  where,  suppos- 
ing the  pointing  of  his  telescope  accurately  known,  no  fixed  star 
existed.  There  is,  however,  a  pair  of  known  stars,  one  of  which 
about  a  degree  distant  from  one  of  the  unknown  objects,  and  tb 
other  about  the  same  distance  and  direction  from  the  second.  It 
is  considered  by  some  that  Professor  Watson's  supposed  planets 
may  have  been  this  pair  of  stars.  Still,  if  Professor  W.\tso.n'8 
planets  were  capable  of  producing  the  motion  of  the  perihelion  of 
Mercury  already  referred  to,  we  should  regard  their  existence  as 
placed  beyond  reasonable  doubt.  But  his  observations  and  the 
theoretical  results  of  Lk  Yerrier  do  not  in  any  manner  strengthen 
each  other,  because,  if  we  suppose  the  observed  perturbations  in 
the  orbit  of  Mercury  to  be  due  to  planets  so  small  as  thooe  seen  by 
Watson,  the  number  of  these  planets  must  be  many  thousanda.i 
Now,  it  is  very  certain  that  there  are  not  thousands  of  planrti 
there  brighter  than  the  sixth  magnitude,  because  they  would  hnvi 
been  seen  by  other  telescopes  engaged  in  the  same  search.  Tb» 
smaller  we  suppose  the  individual  pmnets,  the  more  numerous  they 
must  be,  and,  finally,  if  we  consider  them  as  individually  invisible, 
they  will  probably  be  numbered  by  tens  of  thousands.  The  smaller 
and  more  numerous  they  are,  supposing  their  combined  mass  the 
same,  the  greater  the  sum  total  of  light  they  would  reflect.  At  » 
certain  point  the  amount  of  light  would  become  so  considerable 
that  the  group  would  appear  as  a  cloud-like  mass.     Now,  there  is 
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&  phenomenon  known  aa  the  zodiacal  light,  which  is  probably  caused 
by  matter  ctthi;r  in  a  gaseous  state  or  composed  of  small  particles  re- 
yolving  around  the  aun  at  various  distances  from  it.  This  light 
can  be  seen  riijiug  like  a  pillar  from  the  western  horizon  on  an; 
very  clear  night  in  the  winter  or  spring.  Of  its  nature  scarcely 
nuy  thing  is  yet  known.  The  spectroscopic  observations  of  Pro- 
fessor WRinnT,  of  Yale  College,  seem  to  indicate  that  it  is  seen  by 
reflected  sunlight.  Very  different  views,  however,  have  obtained 
resftecting  its  con.stitution,  and  even  its  position,  some  having  held 
thiit  it  is  a  ring  surrounding  the  earth.  We  can  therefore  merely 
suggest  the  ]>ossiliility  that  tlic  observed  motion  of  the  peribelioo 
of  Mercury  is  produced  by  the  attraction  of  this  maw. 


THE   MOON. 

In  Chapter  VII.  of  the  preceding  part  we  have  Jt^ 
scribed  tlie  motions  of  the  moon  and  its  relation  to  the 
earth.  We  shall  now  explain  its  physical  coustitotioo  as 
revealed  by  the  telescope. 

When  it  beeaine  clearly  understood  that  the  earth  and 
moon  were  to  be  regarded  as  bodies  of  one  class,  and  that 
the  old  notion  of  an  impassable  gulf  between  the  character 
of  bodies  celestial  and  Ijodies  terrestrial  was  unfounded, 
the  question  whether  the  moon  was  like  the  eartli  in  all  its 
details  beeaino  one  of  great  interest.  The  point  of  meet 
especial  interest  was  whether  the  moon  could,  like  the 
eartli,  be  peopled  by  intelhgent  inhabitants.  Accordingly, 
when  the  telescope  was  invented  by  Galileo,  one  of  the 
first  objects  examined  was  the  moon.  With  every  im- 
provement of  the  instrmnent,  the  examination  became 
more  thorough,  so  that  the  moon  has  been  an  object  of 
careful  study  by  the  physical  astronomer. 

The  immediate  successors  of  Galileo  thought  that  they 
perceived  the  surface  of  the  moon,  like  that  of  our  globe, 
to  be  diversified  with  land  and  water.  Certain  regions  ap- 
peared dark  and,  for  the  most  part,  smooth,  while  others 
were  briglit  and  evidently  broken  up  into  hills  and  valley*. 
The  former  regions  were  supposed  to  be  oceans,  and  re- 
ceived names  to  correspond  with  this  idea.  These  names 
continue  to  the  present  day,  although  we  now  know  that 
there  are  no  oceans  there. 

With  every  improvement  in  the  means  of  research,  it 
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has  become  more  and  more  evident  that  the  surface  of  the 
moon  is  totally  unlike  that  of  our  earth.  There  are  no 
oceans,  Beas,  rivers,  air,  clouds,  or  vapor.  We  can  hardly 
euppoge  that  animal  or  vegetahle  life  exists  under  such 
circumstances,  the  fundamental  conditions  of  sucli  ex- 
istence on  our  earth  being  entirely  wanting.  We  might 
almost  as  well  suppose  a  piece  of  granite  or  lava  to  be  the 
abode  of  life  as  the  surface  of  the  moon  to  be  sucIi. 

Before  proceeding  with  a  description  of  the  lunar  sur- 
face, as  made  known  to  us  by  the  telescopes  of  the  present 
time,  it  will  be  well  to  give  some  estimates  of  the  visi- 
bility of  objects  on  the  moon  hy  means  of  our  instriunents. 
Speaking  in  a  rough  way,  we  may  say  that  the  length  of 
one  mile  on  the  moon  would,  as  seen  from  tlie  earth,  sub- 
tend an  angle  of  1'  of  arc.  More  exactly,  the  angle  sub- 
tended would  range  between  0'-8  and  U'-S>,  according  to 
the  var)'ing  disiance  of  the  moon.  In  order  that  an  ob- 
ject may  be  plainly  visible  to  the  naked  eye,  it  must  sub- 
tend an  angle  of  nearly  1'.  Consequently,  a  magnifying 
power  of  60  is  required  to  render  a  round  object  one  mile 
in  diameter  on  the  surface  of  the  moon  plainly  visible. 
Stalling  from  this  fact,  we  may  readily  fonn  the  follow- 
ing table,  showing  the  diameters  of  the  smallest  objects 
that  can  l>e  seen  with  different  magnifying  powers,  always 
assuming  that  vision  with  these  powers  is  perfect : 

Power      60  ;  diameter  of  object  1  mile. 
Power    150  ;  diameter  2000  feet. 
Power    500  ;  diameter  600  feet. 
Power  10(H)  ;  diameter  300  feet. 
Power  2000  ;  diameter  150  feet. 


If  telescopic  power  could  be  increased  indefinitely,  there 
would  of  course  be  no  limit  to  the  minuteness  of  an  ob- 
ject visible  on  the  moon's  surface.  But  the  necessary 
imperfections  of  all  telescopes  are  such  that  only  in  extra- 
ordinary cases  c&n  any  thing  be  gained  by  increasing  the 
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raagnif  jing  power  beyond  1000.  The  inflaence  of  wann 
and  cold  curreTits  in  our  atmosphere  is  such  as  will  for- 
ever prevent  the  advantageous  use  of  high  magnifying 
powers.  After  a  certain  limit  we  see  nothitig  more  bj 
increasing  the  power,  vision  becoming  indistinct  in  pro- 
portion as  the  power  is  increased.  It  may  be  doubted 
wlietlier  the  moon  was  ever  seen  throngh  a  telescope  to  » 
good  advantage  as  she  would  be  seen  with  a  lua^iifving 
power  of  500,  unaccompanied  by  any  drawback  from  at- 
mospheric vibrations  or  imperfection  of  the  telescope. 
In  other  words,  it  is  hardly  likely  that  an  object  lem  than 
600  feet  in  e.\tent  can  ever  be  seen  on  the  moon  by  anr 
telescope  whatever,  unless  it  becomes  possible  to  mount  Uie 
instrument  above  the  atmosphere  of  the  earth.  It  is  there- 
fore only  the  great  features  on  the  surface  of  the  luuoR, 
and  not  the  minute  ones,  which  can  be  made  out  with  the 
telescope. 

Charaoter  of  the  Moon's  Surftuse. — The  most  striking 
point  of  diflEerence  between  the  earth  and  moon  is  scon  in 
the  total  absence  from  the  latter  of  any  thing  that  looia 
like  an  undulating  surface.  No  formations  similar  to  oor 
valleys  and  mountain-chains  have  been  detected.  The 
lowest  surface  of  the  moon  which  can  be  seen  >%'ith  the 
telescope  appears  to  be  nearly  smooth  and  flat,  or,  to 
speak  more  exactly,  spherical  (because  the  luoon  is  a 
sphere).  This  surface  has  different  shades  (if  color  in 
different  regiouB.  Some  portions  are  of  a  bright,  silverr 
tint,  while  others  have  a  dark  gray  appearance.  Tlieso  dif- 
ferences of  tint  seem  to  arise  from  differences  of  material. 

Upon  this  surface  as  a  foundation  are  built  nutiterons 
formations  of  various  sizes,  but  all  of  a  very  simple  char- 
acter. Their  general  form  can  be  made  out  by  the  aid  of 
Fig.  89,  and  their  dimensions  by  the  scale  of  miiee  at 
the  bottom  of  it.  The  largest  and  most  prominent 
features  are  known  as  craters.  They  have  a  typical  for 
consisting  of  a  round  or  oval  rugged  wall  rising  from 
plane  in  the  manner  of  a  circular  fortification.      These 
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the  plane  surface  of  the  moon  already  described.     It  is, 
however,  generally  covered  with  fragmeata  or  broken  up 


by  smaO  ineqnalities  so  as  not  to  be  easily  made  out.  In 
the  centre  of  the  craters  we  frequently  find  a  conical  for- 
mation rising  up  to  a  considerdble  height,  anil  much  larger 
than  the  inequalities  just  described.  In  the  craters  we 
have  a  vague  resemblance  to  volcanic  formationa  upon  the 
earth,  the  principal  difiference  being  that  their  niaj^itndc 
is  very  much  greater  than  any  thing  knowu  here.  The 
diameter  of  the  larger  ones  ranges  from  50  to  20<>  kilo- 
metres, while  the  smallest  are  so  minute  as  to  be  hardly 
visible  with  the  telescope. 

When  the  moon  is  only  a  few  days  old,  the  snn's  rays 
strike  very  obliquely  upon  the  lunar  mountains,  and  they 
cast  long  shadows.  From  the  known  position  of  the  sun, 
moon,  and  earth,  and  from  the  measured  length  of  these 
shadows,  the  heights  of  the  moimtains  can  be  calcnlateA 
It  is  thus  found  that  some  of  the  mountains  near  the  south 
pole  rise  to  a  height  of  SOOO  or  9000  metres  (from  25,0(>t 
to  30,000  feet)  above  the  general  surface  of  the  moon. 
Heights  of  from  3000  to  7000  metres  are  very  common 
over  abnost  the  whole  lunar  surface. 

Next  to  the  so-called  craters  visible  on  the  lunar  disk. 
the  most  curious  features  are  certain  long  bright  streaks, 
which  the  Germans  call  rtUs  or  furrows.  These  extend 
in  long  radiations  over  certain  of  the  craters,  and  have  the 
appearance  of  cracks  in  the  lunar  surface  which  have  been 
subsequently  filled  by  a  brilliant  white  material.  Na- 
SMTTH  and  Carpentee  have  described  some  experiments 
designed  to  produce  this  appearance  artificially.  They 
took  hollow  glass  globes,  filled  them  with  water,  and  heat- 
ed them  until  the  surface  was  cracked.  The  cracks  gen- 
erated at  the  weakest  point  of  the  surface  radiate  from  the 
point  in  a  manner  strikingly  similar  in  appearance  to  the 
rills  on  the  moon.  It  would,  however,  be  jirematare  to 
conclude  that  the  latter  were  actually  produced  in  thia 
way. 

The  question  of  the  origin  of  the  lunar  features  has  a 
bearing  on  theories  of  terrestrial  geology  as  well  as  npoa 
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various  questions  respecting  the  past  history  of  the  moon 
itself.  It  has  been  considered  in  tliis  ampoct  by  various 
geologists. 

Lunar  Atmosphere. — The  question  whether  the  moon 
has  an  atmogijihero  has  been  much  discussed.  The  only 
conclusion  which  has  yet  been  reached  is  that  no  positive 
evidence  of  an  atmosphere  has  ever  been  obtained,  and 
that  if  one  exists  it  is  certainly  several  hundretl  times  rarer 
than  tbe  atmosphere  of  our  earth.  Tbe  most  delicate 
method  of  detecting  one  is  to  detcmn'no  whether  it 
will  refract  the  light  of  a  star  seen  through  it.  As  the 
moon  advances  in  her  monthly  course  around  the  earth,  slie 
frequently  appears  to  pa-ss  over  bright  stars.  These  phe- 
nomena are  called  orcidtnttons.  Just  l>eforo  the  limb  of 
the  inooii  appears  to  reacli  the  star,  the  latter  will  Ije  seen 
through  the  moon's  atmosphere,  if  there  is  one,  and  will 
be  displiiced  in  a  direction  from  the  moon's  centre.  But 
the  most  careful  ol>servation8  have  failed  to  show  the 
elightest  evidence  of  any  sueii  displacement.  Hence  the 
most  delicate  test  for  a  lunar  atmosphere  gives  no  evi- 
dence whatever  that  it  exists. 

The  spectra  of  stars  when  about  to  l)e  occulted  have 
also  been  examined  in  order  to  see  whether  any  absorption 
hnea  which  might  be  produced  by  the  lunar  atmosphere 
became  visible.  The  evidence  in  this  direction  lias  also 
been  negative.  Moreover,  the  spectnim  of  the  moon  itself 
does  not  seem  to  diiler  in  the  slightest  from  that  of  the 
sun.  Wo  conclude  therefore  that  if  there  is  a  lunar  at- 
mosphere, it  is  too  rare  to  exert  any  sensible  absorption 
upon  tlie  rays  of  light. 

Light  and  Heat  of  the  Moon- — Many  attempts  have 
been  made  to  measure  the  ratio  of  the  light  of  the  full 
moon  and  that  of  the  sun.  The  results  have  l>een  very 
discordant,  Ijut  all  have  agreed  in  showing  that  the  sum 
emits  sevend  lumdrod  thousand  times  as  much  light  as  the 
full  moon.     The  last  and  meet  careful  determination  is 
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that  of  ZoLLNER,  who  finds  the  sun  to  be  618,000  times  m 
bright  as  the  full  moon. 

The  moon  must  reflect  the  heat  as  well  as  the  light  of 
the  sun,  and  must  also  radiate  a  small  ainotuit  of  its  own 
heat.  But  the  quantities  thus  reflected  and  radiated  are  so 
minute  that  they  have  defied  detection  except  with  the 
most  delicate  instruments  of  research  now  known.  By  col- 
lecting the  moon's  rays  in  the  focus  of  one  of  his  large  re- 
flecting telescopes,  Lord  Rosse  was  able  to  show  that  a 
certain  amount  of  heat  is  actually  received  from  the 
moon,  and  that  this  amount  varies  with  the  moon's  pliiisc, 
as  it  should  do.  He  also  sought  to  leani  how  much  of 
the  moon's  heat  was  reflected  and  how  much  radiated. 
This  he  did  by  ascertaining  its  capacity  for  pissing 
through  glass.  It  is  well  known  to  students  of  physics 
that  a  very  much  larger  portion  of  the  heat  radiated  bv 
the  sun  or  other  extremely  hot  bodies  will  pass  through 
glass  than  of  heat  radiated  by  a  cooler  body.  E.xperiinents 
show  that  about  86  per  cent  of  the  sun's  heat  will  pa^s 
through  ordinary  optical  glass.  If  the  heat  of  the  moua 
were  entirely  reflected  sun  heat,  it  would  possess  the  samo 
property,  and  the  same  proportion  would  pass  through 
glass.  But  the  experiments  of  Lord  Kosse  have  shown 
that  instead  of  SO  percent,  only  1 2  per  cent  passed  throngli 
the  glass.  As  a  general  result  of  all  his  researches,  it  may 
be  supposed  that  about  six  sevenths  of  the  heat  given  oat 
by  the  moon  is  radiated  and  one  seventh  reflected. 

Is  there  any  change  on  the  suriiice  of  the  Moonp — 
When  the  surface  of  the  moon  was  first  foimd  to  be  cov- 
ered by  craters  having  the  appearance  of  volcanoes  at  tb9 
surface  of  the  earth,  it  was  very  naturally  thought  that 
these  supposed  volcanoes  might  be  still  in  activity,  and  ex- 
hibit themselves  to  our  telescopes  by  their  flames.  Sir 
William  Herschkl  supposed  that  he  saw  several  such  toI- 
canoes,  and,  on  his  authority,  they  were  long  believe<l  to 
exist.  Subsequent  observations  have  shown  that  this  was 
a  mistaken  opinion,  though  a  very  natural  one  under  the 
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circnrastaiices.  If  we  look  at  the  moon  with  a  telescope 
when  she  is  three  or  four  days  old,  we  Bhall  see  the  darker 
portion  of  her  surface,  which  is  not  reached  by  t!ie  sim'e 
rays,  to  be  faintly  illuminated  by  light  reflected  frotu  the 
earth.  This  appearance  may  always  be  seen  at  the  right 
time  with  the  naked  eye.  If  the  telescojiu  has  an  aperture 
of  five  inches  or  upward,  and  the  niugnifying  power  does 
not  excoed  ten  to  the  incli,  wo  sliall  generally  see  one  or 
more  spots  on  this  dark  hemisphere  of  the  moon  so  nuich 
brighter  than  the  rest  of  the  surface  that  they  may  well 
suggest  the  idea  of  being  self-luminous.  It  is,  however, 
known  that  these  are  only  spots  possessing  the  power  of 
reflecting  back  an  unusually  large  portion  of  the  earth's 
light.  Not  the  slightest  sound  evidence  of  any  incandes- 
cent eruption  at  the  moon's  surface  has  ever  been  found. 

Several  instances  of  supposed  changes  on  the  moon's 
surface  have  lieendescriljed  in  recent  times.  A  few  years 
ago  a  sj>ot  kno\™  as  Linnajus,  near  the  centre  of  the 
moon's  vinblo  disk,  was  found  to  present  an  appearance 
entirely  different  from  its  representation  on  the  map  of 
Bef.h  and  Maedler,  made  forty  years  before.  More 
recently  Klkin,  of  Cologne,  supposed  himself  to  have  die- 
covered  a  yet  more  decided  change  in  another  feature  of 
the  moon's  surface. 

The  (question  whether  these  changes  are  proven  is  one 
on  which  the  opinions  of  astronomers  differ.  The  difficul- 
ty of  reaching  a  certain  conclusion  arises  from  the  fact  that 
each  feature  necessarily  varies  in  appearance,  owing  to  the 
different  ways  in  which  the  sun's  Ught  fidls  upon  it. 
Sometimes  the  changes  are  very  difficult  to  account  for, 
even  when  it  is  certain  that  they  do  not  arise  from  any 
change  on  the  moon  itself.  Hence  while  some  regard  the 
apparent  clianges  as  real,  othcis  regard  them  ua  due  only 
to  differences  in  the  mode  of  illumination. 


THE   PLANET  MARS. 
§   1.    DESCRIPTION   OF  THE  PLAWET. 

Mars  is  the  next  planet  beyond  the  earth  in  the  ordei 
of  distance  from  the  eun,  being  about  half  as  far  a^in  us 
the  earth.  It  lias  a  decided  red  color,  by  wliicli  it  raaj 
be  readily  distinguished  from  all  the  other  planets. 
Owing  to  the  considerable  eccentricity  of  its  orbit,  its 
diBtance,  both  from  the  sun  and  from  tlie  earth,  varies  in  a 
larger  j>roportion  than  does  tliat  of  the  other  outer  planet& 

At  the  most  favorable  oppoBitions,  its  distance  from  the 
earth  is  about  0'38  of  the  astronomical  luiit,  or,  in  round 
numbers,  57,000,000  kilometres  {35,000,000  of  miles). 
This  is  greater  than  the  least  distance  of  Yemm,  but  we 
can  nevertheless  obtain  a  better  view  of  Mart  under  those 
circumstances  than  of  Venus,  because  when  the  latter  is 
nearest  to  ua  its  dark  hemisphere  is  turned  toward  00, 
while  in  tlie  case  of  Mara  and  of  the  outer  planets  the 
hemisphere  turned  toward  us  at  opposition  is  fullj  illu- 
minated by  the  sun. 

The  period  of  revolution  of  Mars  around  the  sun  is  a 
little  less  than  two  years,  or,  more  exactly,  t)87  days.  Xho 
successive  oppositions  occur  at  intervals  of  two  years  and 
one  or  two  months,  the  earth  having  made  during  thia 
interval  a  little  more  than  two  revolutions  around  the  sun, 
and  the  planet  Mara  a  little  more  than  one.  The  datea 
of  several  past  and  future  oppositions  are  shown  in  Uio 
following  table : 


OPPOaiTIONB  OF  MAR8. 

1871 March  20th. 

18T3 April  27th. 

1875 June  20th. 

1877 September  5th. 

1879 November  12th. 

1881 December  26th. 

1884 January  Slst. 

1886 March  6th. 
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Owing  to  the  unequal  motion  of  the  planet,  arising  from 
the  eceentricity  of  its  orbit,  the  intervals  between  buc- 
cessive  oppoeitions  vary  from  two  years  and  one  month  to 
two  years  and  two  and  a  half  inoiitlis. 

About  August  2*)th  of  each  year  the  earth  is  in  the  same 
direction  from  the  sun  as  the  perihelion  of  the  orbit  of 
Mam.  Hence  if  an  opposition  occurs  about  that  time, 
Mara  will  be  very  near  its  j»eribelion,  aiul  at  the  least 
possible  distance  from  the  earth.  At  tlio  opposite  season 
of  the  year,  near  the  end  of  Febniary,  the  earth  is  on 
the  line  drawn  from  the  sun  to  the  aphelion  of  the  orbit 
Mai's.  The  least  favorable  oppositions  ai-e  therefore 
till  we  whicli  occur  in  Febmary.  The  distance  of  Mart  is 
then  about  0-65  of  the  astronomical  unit. 

The  favorable  oppositions  occur  at  intervals  of  15  or 
17  years,  the  period  being  that  required  for  the  successive 
increments  of  one  or  two  months  between  the  times  of  the 
year  at  which  uuccessive  oppositions  occur  to  make  up  an 
entire  year.  This  will  be  readily  seen  from  the  preceding 
table  of  the  times  of  opposition,  which  shows  how  the  op- 
positions ranged  through  the  entire  year  between  1871 
and  188C.  The  opposition  of  1877  was  remarkably  fa- 
vorable. The  next  most  favorable  opposition  will  occur 
in  1893. 

Mars  necessarily  exhibits  phases,  but  thoy  are  not  so 
well  marked  as  in  the  case  of  F<miM,  because  the  hemi- 
sphere whicli  it  presents  to  the  observer  on  the  car*' 
always  more  than  Iialf  illuminated.     The  greatest 
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occurs  when  its  direction  is  90°  from  that  of  the  sun,  an4j 
even  then  six  sevenths  of  its  disk  is  illuuiinuted,  Uke  tlia 
of  the  moon,  three  daj^s  before  or  after  full  moou.     Thoj 
piloses  of  Mars  were  observed  by  Galilko  in  1610,  wbO|j 
however,  could  not  describe  them  with  entire  cert^nty. 

Botation   of  Mars. — Tlie     early   telescopic     obeerver 
noticed  that  the  disk  of  Mars  did  not  appear  uniform  n 
color  and  brightness,  but  had  a  variegated    aspect. 
1G0(>  the  celebrated  Dr.  Robert  Hooke   found   that  thtl 
markings  on  Mara  were  permanent  and  moved  around  : 
such  a  way  as  to  show  that  the  planet  revolved  on  its  ■ 
The  mjirkings  given  in  his  drawing  can  be  traced  at 
present  day,  and  are  made  use  of  to  determine  the  eJ 
period  of  rotation  of  the  planet.      Drawings    made  hi 
HuYOHENS  about  tlie  same  time  have  been   used  in  tli 
same  way.     So  well  is  the  rotation   fixed  by  them  that ; 
astronomer  can  now  determine  the  exact  number  of  tix 
the  planet  has  rotated  on  its  axis  since  these  old  dnil 
were  made.     Tlie  period  lias  been  found  by  Mr.  Pi 
to  be  24>'  37°  22*. 7,  a  result  wliich  appears  certain  to  oo 
or  two  tenths  of  a  second.     It  is  thert^fore  less   tlian  an 
lumr  greater  than  the  period  of  rotation  of  the  earth. 

Surftioe  of  liars. — The  most  interesting  result  of  then 
markings  on  Mars  is  the  probability  that  its  surface  ig.^ 
versified  by  land  and  water,  covered  by  an  atmoepl 
and  altogether  very  similar  to  the  surface  of  the 
Some  portions  of  the  sm^ace  are  of  a  decided  red  ooV 
and  thus  give  rise  to  the  well-kno\vn  fiery  aspect  of 
planet     Other  parts  are  of  a  greenish  hue,  and  are  the 
fore  supposed  to  be  seas.     The  most  striking  features 
two  brilliant  wliite  regions,  one  lying  aroimd  each  pole  of  l 
planet.     It  has  been  supposed  that  this  appearance  is  dii 
to  immense  masses  of  snow  and  ice  surrounding  the  polea. 
If  this  were  so,  it  would  indicate  that  the  processes  of  < 
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oration,  cloud  formation,  and  condensation  of  vapor  int^H 
rain  and  snow  go  on  at  the  surface  of  Mars  as  at  the  sur^" 
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A  certain  amount  of  color  is 
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ASPECT  OF  MARS. 

this  theorj  by  finpposed  changes  in  the  magnitude  of 
these  ice-caps.  But  the  problem  ni  estabUshiiig  such 
changes  is  one  of  extreme  difficulty.  The  only  way  in 
which  an  adequate  idea  of  this  ditbculty  can  be  formed  is 
by  the  reader  himself  lookiiigatJ/urtf  through  a  telescope. 
If  he  will  then  note  how  Lard  it  is  to  make  out  the 
different  shades  of  light  and  darkness  ou  the  planet,  and 
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how  they  must  vary  in  aspect  under  different  conditions 
of  clearness  in  our  own  atmosphere,  he  will  readily  per- 
ceive that  much  evidence  is  necessary  to  establish  great 
changes.  All  we  can  say,  therefore,  is  that  t1 
of  the  ice-caps  in  winter  and  their  ineltin/> 
some  evidence  in  its  favor,  but  is  P' 
proven. 
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%  2.    SATELIilTES  OF  MARS. 

Until  the  year  1877,  Mare  was  supposed  to  have  no  sat- 
ellites, none  having  ever  been  seen  in  the  most  powerfnl 
telescopes.  But  in  August  of  tliut  year,  Profeef  or  Hall, 
of  the  Naval  Observatory,  instituted  a  evsteuiatic  searcL 
witli  the  great  equatorial,  which  resulted  in  the  discovery 
of  two  such  ohjects.  We  have  already  described  the  op- 
position of  1S77  as  an  extremely  favorable  one  ;  otherwise 
it  would  have  been  hardly  possible  to  detect  these  bodies. 
They  had  never  before  l>een  seen,  partly  on  account  of 
their  extreme  minuteness,  which  rendered  theiu  invisible 
except  with  puvverful  itistrumcnts  and  at  the  most  favor- 
able times,  and  partly  on  account  of  the  fact,  alreadv  al- 
luded to,  that  the  favorable  oppositions  occur  oidy  at  inter- 
vals of  15  or  17  years.  There  are  only  a  few  weeks  dui^ 
ing  each  of  these  intervals  when  it  is  practicable  to  distin- 
guisli  them. 

These  satellites  are  by  far  the  smallest  celestial  bodies 
known.  It  is  of  course  impossible  to  mciisure  their  diam- 
eters, as  they  apj)ear  in  the  telescope  only  as  points  of 
light.  A  very  careful  estimate  of  the  amount  of  light 
which  they  reflect  was  made  by  Professor  E.  C.  Pickkb- 
iNij,  Director  of  the  Harvard  College  Observatory,  who 
calculated  how  large  tbcy  ought  to  be  to  reflect  tliis  light, 
lie  thus  found  that  the  outer  satellite  was  probably  about 
six  miles  and  the  inner  one  about  seven  miles  in  diameter, 
supposing  them  to  reflect  the  solar  rays  precisely  as  Mar* 
does.  The  outer  one  was  seen  with  the  telescope  at  a  dis- 
tance from  the  earth  of  7,000,000  times  this  diameter. 
The  proportion  would  be  that  of  a  ball  two  inches  in  di- 
ameter viewed  at  a  distance  equal  to  that  lietween  the 
cities  of  Boston  and  New  York.  Such  a  feat  of  telescopic 
seeing  is  well  fitted  to  give  an  idea  of  the  power  of  modem 
optical  instruments. 

Professor  Hall  found  that  the  outer  satellite,  which 
he  called  Dtimos,  revolves  around  tbe  planet  in  SO**  Ifi", 
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and  the  inner  one,  called  Phohox,  in  1^  SS"".  The  latter  is 
only  5800  miles  from  the  cent  re  of  Mara,  and  less  than 
4000  miles  from  its  surface.  It  would  therefore  he  alinont 
]K>SJsihle  with  one  of  our  telescopes  on  the  surface  of  Alarx 
to  see  an  object  the  size  of  a  large  aiiiuitil  on  the  satellite. 
This  short  distance  and  rapid  revolution  make  the  inner 
satellite  of  2{arH  one  of  tlie  most  interesting  bodies  with 
which  we  are  acquainted.  It  performs  a  revolution  in  its 
orhit  in  less  than  half  the  time  that  Mars  revolves  on  its 
axis.  In  consequence,  to  the  inhabitants  of  Mttm,  it 
would  seem  to  rise  in  the  west  and  set  in  the  east.  It  will 
be  remei7ihered  that  the  revolution  of  the  moon  around 
the  earth  and  of  the  earth  on  its  axis  are  both  from  west 
to  east ;  hut  the  latter  revolution  being  the  more  rapid,  the 
apparent  diurnal  motion  of  the  moon  is  from  t-ant  to  west. 
In  the  case  uf  the  inner  satellite  of  Marx,  however,  this 
is  reversed,  and  it  therefore  appears  to  move  in  the  actual 
direction  of  its  orbital  motion.  The  rapidity  of  its  phases 
is  also  etjnally  remarkable.  It  is  les.s  than  two  hours  from 
new  moon  to  first  rpiarter,  and  so  on.  Thus  the  inhabit- 
ants of  Mdfft  may  see  their  inner  moon  pass  through  all 
its  phases  iu  a  single  night. 


CHAPTER  VI. 

THE   MINOR  PLANETS. 

When  the  solar  ejstem  was  firet  mapped  out  in  its  true 
proportionB  by  Copeknicos  and  Keplee,  only  six  primary 
planets  were  known  —  namely,  Mercury,  Venus,  the 
Earth,  Mam,  Jupiter,  aad  Saturn.  These  succeeded 
each  other  according  to  a  nearly  regulai"  law,  as  we  have 
showTi  in  Chapter  I.,  except  that  between  Mars  and  Jupi- 
ter a  gap  was  left,  where  an  additional  planet  might  be 
inserted,  and  the  order  of  distance  be  thus  made  complete. 
It  was  therefore  supposed  by  the  astronomers  of  the  seven- 
teenth and  eighteenth  centuries  that  a  planet  might  be 
found  in  this  region.  A  search  for  this  object  was  iDsti- 
tuted  toward  the  end  of  the  last  centiuy,  but  before  it 
had  made  much  progress  a  jilanet  in  the  place  of  the  one 
BO  long  expected  was  found  by  Piazzi,  of  Palermo.  The 
discovery  was  made  on  the  first  day  of  the  present  century, 
1801,  January  Ist. 

In  the  course  of  the  following  seven  years  the  astronom- 
ical world  was  surprised  by  the  discovery  of  three  other 
planets,  all  in  the  same  region,  though  not  revolving  in 
the  same  orbits.  Seeing  four  small  planets  where  one 
large  one  ought  to  be,  Olbees  was  led  to  his  celebrated 
hypotlicsis  that  these  bodies  were  the  fragments  of  a  large 
planet  which  had  been  broken  to  pieces  by  the  uetiuu  of 
some  unknown  force. 

A  generation  of  astronomers  now  passed  away  without 
the  discovery  of  more  than  these  four.  But  in  December, 
1845,   Hknokk,   of  Dreiseii,    being  engaged  in  mapping 
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dowa  the  stare  near  the  ecliptic,  found  a  fifth  planet  of 
the  group.  In  1847  three  more  were  discovered,  and 
discoveries  have  since  been  made  at  a  rate  vrliich  tlius  fur 
shows  no  signs  of  diminution.  The  nunilier  has  now 
reached  200,  and  tlie  discovery  of  additional  ones  seems  to 
be  going  OD  as  fast  as  ever.  The  frequent  announcemeuta 
of  the  discovery  of  phuiets  which  appear  in  the  public 
prints  all  refer  to  bodies  of  this  group. 

The  minor  planets  are  distingiiii^hed  from  the  major 
ones  Iiy  many  characteristics.  Among  these  we  may 
mention  their  great  number,  which  exceeds  that  of  all  the 
other  known  liodies  of  the  solar  system  ;  their  small  size  ; 
tlieir  positions,  all  being  situated  between  the  orbits  of 
Mars  ajid  Jitpittr ;  the  great  eccentncities  and  inclina- 
tions of  their  orliits. 

Number  of  Small  Planets. — It  would  be  interesting  to 
know  how  many  of  these  planets  there  are  in  all,  but  it  is 
as  yet  impossible  even  to  guess  at  the  number.  Aa 
already  staled,  fully  2(Ji)  are  now  known,  and  the  number 
of  new  ones  found  every  year  ranges  from  7  or  8  to  lU  or 
12.  If  ten  additional  ones  are  found  every  year  during 
the  reuitiinder  of  tlie  century,  400  will  then  have  been 
discovered. 

The  discovery  of  these  botlics  is  a  very  difficult  work, 
requiring  great  practice  and  skill  on  the  pait  of  the  as- 
tronomer. The  difficulty  is  that  of  distinguishing  them 
amongst  the  hundreds  of  thousands  of  telescopic  stars 
which  are  scattered  in  the  heavens.  A  minor  planet 
presents  no  sensible  disk,  and  therefore  looks  exactly  like 
a  small  star.  It  can  be  detected  only  by  its  motion  among 
the  surrounding  stars,  which  is  so  slow  that  houre  or  even 
days  must  elapse  before  it  can  be  noticed. 

Magnitudes. — In  consequence  of  the  minor  planets  hav- 
ing no  visible  disks  in  the  most  powerful  telescopes,  it  is  im- 
possible to  make  any  precise  measxirement  of  their  diam- 
eters. These  c^n,  however,  be  estimated  by  the  amount 
of  light  which  the  planet  reflects.     Supposing  the  propor- 
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tion  of  light  reflected  about  the  same  as  in  the  case  of  the 
larger  plaiictn,  it  is  estimated  tliat  the  diameters  of  tlie 
three  or  four  largest,  wliich  are  tliose  first  discovered, 
range  between  300  and  600  kilometres,  while  the  smallest 
ai-e  probably  from  20  to  5t)  kilometres  in  diameter.  The 
average  diameter  of  all  that  are  known  is  perhaj)S  less  than 
150  kilometres — that  is,  scarcely  more  than  one  hundredth 
that  of  tlic  earth.  The  volumes  of  solid  bodies  vary  as  the 
cubes  of  their  diameters  ;  it  might  tlierefore  take  a  million 
of  these  planets  to  make  one  of  the  size  of  the  earth. 

Form  of  Orbits.— The  orliits  of  tlie  minor  planets  are  much 
more  eccentric  than  those  of  the  larger  ones  ;  their  distance  from 
the  Bun  therefore  varies  very  widely.  The  most  eccentric  orbit  yet 
known  is  timt  of  Aethra,  which  was  discovered  by  Professor  Wat- 
son in  187H.  Its  least  distance  from  the  sun  is  1-61,  a  very  little 
further  than  Man,  while  at  aphelion  it  is  3-59,  or  more  than  twice 
as  far.  Two  or  three  others  are  twice  as  far  from  the  sun  at  aphe- 
lion as  at  iicrihclion,  while  nearly  all  are  so  eccentric  that  if  the 
orbits  were  drawn  to  a  scale,  theeye  would  readily  perceive  that  the 
sun  wn,s  not  in  their  centres.  The  larj>:e8t  inclination  of  all  is  that 
of  PiiUiis,  which  is  one  of  the  original  four,  having  been  discovered 
by  Oi.HKiw  in  1802.  The  inclination  to  the  ecliptic  is  34',  or  more 
than  one  third  of  a  right  angle.  Five  or  six  others  have  ioclinationa 
exceeding  2(1°:  thoy  therefore  range  entirely  ouUide  the  zodiac,  and 
in  fart  sometimes  culminate  to  the  north  of  our  zenith. 

Origin  of  the  Minor  Planets.— The  question  of  the  origin  of 
these  bodies  was  long  one  of  great  interest.  The  features  which  we 
have  described  associate  themselves  very  naturally  with  the  cele- 
brated hyjKithesis  of  Or.UKits,  that  we  here  have  the  fragments  of  » 
single  large  planet  which  in  the  beginning  revolved  in  its  proper 
place  between  the  orbits  of  Mam  and  Jupiter.  Olbeks  himself  sug- 
gested a  test  of  his  theory.  If  these  bodies  were  really  formed  by 
an  explosion  of  the  large  one,  the  separate  orbits  of  the  fnigments 
would  all  pass  through  the  point  where  the  explosion  occurred.  A 
common  point  of  intersection  was  therefore  long  looked  for  ;  but 
although  two  or  three  of  the  first  four  did  pass  pretty  near  each 
other,  the  required  point  could  not  be  found  for  all  four. 

It  was  then  suggested  that  the  secular  changes  in  the  orbits  pro- 
duced by  the  action  of  the  other  planets  would  in  time  change  the 
positions  of  all  the  orbits  in  such  a  way  that  they  would  no  longer 
have  any  common  intersection.  The  secular  variations  of  their  orbits 
were  therefore  computed,  to  sec  if  there  was  any  sign  of  the  required 
intersection  in  past  iiges,  but  none  could  be  found.  No  support 
bos  been  given  to  Oi.BKiis'  hypothesis  by  subsequent  investigation*, 
•nd  it  is  no  longer  considered  by  astronomers  to  have  any  founda- 
tion. ^  far  OS  can  be  judged,  these  bodies  have  been  revolving 
around  the  sun  as  separate  planets  ever  since  tlic  solar  system  itacu 
was  formed. 
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JUPITEE  AND   HIS  SATELLITES. 


g   1.    THE  PLANET  JTJPITEK, 

Jupiter  is  much  the  largest  planet  in  tlie  system.  His 
mean  distance  is  nearly  8iM),00i>,0oo  kilunietrcs  (48i),n00,- 
000  miles).  His  diameter  is  140,000  kilometres,  corre- 
sponding to  a  mean  apparent  (jiuineter,  as  seen  from  the 
sun  of  36'- 5.  His  linear  diameter  is  about  -jJ^,  liis  surface 
is  y^,  and  liis  votumc  ^^Vir  ^^''•^  of  the  sun.  His  mass  is 
yjif^,  and  his  density  is  thus  nearly  the  same  as  the  sun's — 
viz. ,  (I  •  24  of  the  earth's.  He  rotates  on  his  axis  in  S*"  So™  20*. 

He  is  attended  by  four  satellites,  which  were  discovered 
by  Gai-ii.f.o  on  January  7th,  1610.  He  named  them  in 
honor  of  the  Medios,  the  Medicean  stars.  These  satellites 
were  independently  discovered  on  January  l^.th,  1610,  by 
HAKBiar,  of  England,  who  observed  them  through  several 
subsequent  years.  Simon  Marius  also  appears  to  have 
early  observed  them,  and  the  honor  of  tlieir  discovery  is 
claimed  for  Iiiiii.  They  are  now  known  as  Satellites  I, 
n,  III,  and  IV,  I  being  the  nearest. 

The  surface  of  Jupiter  has  been  carefully  studied  with 
the  telescope,  particularly  within  the  past  20  years.  AI« 
thougli  further  from  ua  than  Mara,  the  details  of  his  disk 
are  much  easier  to  recognize.  The  most  characteristic 
features  are  given  in  the  drawings  appended.  These  feat- 
ures are,  jirstly,  the  dark  bands  of  the  equatorial  regions, 
and,  secondly,  the  cloud-like  forms  spread  over  nearly  the 
whole  surface.    At  the  limb  all  these  details  becocr.e  indis- 
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tinct,  and  finally  vanish,  thiis  indicating  a  highly  absorptive 
atniwpluire.  The  light  from  the  centre  of  the  disk  is  twice 
as  hriglit  iis  that  from  the  poles  (Akaod).  The  bands  can 
be  seen  with  instruments  no  more  j>owerfnl  than  those 
used  by  Galilwi,  yet  he  makes  no  mention  of  ttiem,  al- 
though they  were  seen  hy  Ziccni,  Fontana,  and  otliere  be- 
fore 1633.  Hdyghens  (1659)  describes  the  Ixinds  us 
brighter  than  the  rest  of  the  disk — a  unique  oljser^-ation, 
on  wliich  we  must  look  with  some  distrust,  as  since  ICOo 
they  have  constantly  been  seen  darker  than  the  rest  of  tbo 
])lanet. 

The  color  of  the  hands  is  frequently  descrilMjd  as  a  brick- 
red,  but  one  of  tlie  authors  hii.*  made  careful  studies  in 
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color  of  tliis  planet,  and  Jinds  the  prevailing  tint  to  bo 
salmon  color,  exactly  similar  to  the  color  of  2far9.  The 
position  of  the  bands  varies  in  Intitude,  and  the  shapes  of 
the  limiting  curves  also  change  from  day  to  day  ;  but  in 
tlie  main  they  remain  as  jjermanent  features  of  the  reg;ion 
to  wliieli  they  belong.  Two  such  bands  are  usually  vis- 
ible, but  often  more  are  seen.  For  example,  Cassixi 
(1690,  December  Ifith)  saw  six  parallel  bands  extending 
coiiipletcly  around  the  planet.  IIerscuel,  in  the  year 
17W,  attributed  tbo  aspects  of  the  bands  to  zones  of  the 
planet's  atmosphere  more  tranquil  and  less  filled  with 
clouda  than  the  remaining  portions,  so  as  to  penuit  the 
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true  surface  of  the  planet  to  be  seen  through  these  zones, 
while  the  prevailing  clouds  in  the  other  regions  give 
a  brighter  tint  to  tliese  latter.  The  color  of  the  bauds 
seems  to  vary  from  time  to  time,  and  their  bordering 
lines  eoinetimes  alter  with  such  rapidity  as  to  show  that 
these  borders  are  formed  of  something  like  clouds. 

The  clouds  themselves  can  easily  be  seen  at  times,  and 
they  have  every  variety  of  shape,  sometimes  api>earing  as 


Fig.  92. — tei.£scofic  view  oi'  jupiter.   with  a  satgu.it£  a.nu 

ITS  SHADOW  BEEN  ON  IT. 

brilliant  circular  white  masses,  but  oftener  they  are  similar 
in  form  to  a  series  of  white  cuinnlous  clouds  such  as  are 
frequently  seen  piled  up  near  the  horizon  on  a  summer's 
day.  The  bands  them.aelves  seem  frequently  to  be  veiled 
over  with  something  like  the  thin  cirruis  clouds  of  our 
atmosphere.  On  one  occasion  an  annulos  of  white  cloud 
was  seen  on  one  of  the  dark  hands  for  uumy  days,  retain- 
ing its  shape  through  the  whole  period. 
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Such  clouds  can  be  tolerably  accurately  obeervod,  and 

may  bo  used  to  detenuiiie  the  rotation  time  of  the  planet. 
These  observatious  show  that  the  eloiids  have  often  a 
motion  of  their  own,  which  is  also  evident  from  other  con- 
siderations. 

The  following  results  of  observation  of  spots  situated  in 
various  regions  of  the  j>lanet  will  illustrate  this  : 


Casseni 1665. 

Heuschkl 1778, 

IlEHsriiKL    1779, 

SCHIIOKTEII 1785, 

BbKR  &  MIDL.EH.  ...  183S, 

Airy 1835, 

Schmidt 1803. 


rotation  time  =  0  56  00 

••  =  9  65  40 

•  =  9  50  48 

••  =  0  56  5« 

••  =  9  55  26 

"  =  y  55  21 

•'  =  9  65  aa 


§  2.    THE  SATELLITES    OF  JUPITEH. 

Motions  of  the  Satellites. —  The  four  satellites  move 
aliout  Jvphti-  from  weist  to  e.'ist  in  nearly  circular  orbits. 
When  one  of  these  satellites  jiiUvses  between  the  sun  and 
Jupitei',  it  casts  a  shadow  njion  Jupiter^ a  disk  (see  Fig.  92) 
precisely  as  the  shadow  of  our  tnuori  is  thrown  upon  tl>e 
earth  in  a  solar  eclipse.  If  the  satellite  passes  through 
Jiipifff^s  own  shadow  in  its  revolution,  an  eclipse  of  tliis 
satellite  takes  place.  If  it  passes  between  the  earth  and 
Jupiter,  it  is  projected  upon  Jupiter  «  disk,  and  we  have  a 
transit  ;  if  Jupiter  is  between  the  eiirtli  and  the  satelh'to, 
an  ocfultation  of  the  latter  occurs.  Ail  tliese  phenomena 
can  be  seen  from  the  eailli  with  a  coniiuon  telescope,  and 
the  times  of  observation  are  all  found  predicted  in  the 
Nautical  Ahnanac.  In  this  way  we  are  snre  that  the  black 
spots  which  we  see  njoving  across  tlie  disk  of  Jupiter  are 
really  the  shadows  of  the  satellites  themselves,  an(l  not  phe- 
nomena to  be  otherwise  explained.  Those  shadows  bein-; 
seen  black  upon  Jvpit^r''s  surface,  show  that  this  planet 
shines  by  reflecting  the  hght  of  the  sun. 
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Telescopic  Appearance  of  the  Satellites. —  L'lidtT  ordi- 
nary cirtuiiistaiicefi,  the  flatullites  of  Jupiter  ai-e  seen  to 
liavii  disks— thai  is,  not  to  be  mere  points  of  ligiit.  Un- 
der very  f!ivt)rable  conditions,  nwriiiiigs  have  beeen  seen 
on  these  disks,  and  it  is  very  curious  that  the  anoniaUius 
apjMiaraiiees  j^iven  in  Fig.  93  (by  Dr.  IIastincsj  Iiave  been 
seen  at  various  times  by  other  good  observers,  iis  SEtxjni, 
D.\WKS,  and  liuxuicRFi-KU.  Satellite  III,  which  is  much 
t!ie  largest,  has  decided  markings  on  its  face  ;  IV  some- 
times appears,  as  in  the  tigurc,  to  have  itd  ciiruhir  outline 
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cnt  oti  ])y  rigjit  lines,  and  satellite  I  sometimes  appears 
gibbous.  The  ojjportunities  for  observing  these  appear- 
ances are  so  rare  that  nothing  is  known  Ix-yond  the  bare 
fact  of  their  existence,  and  no  plausible  explanation  of  the 
tigure  shown  in  IV  has  been  given. 

Phenomena  of  the  Satellites. — Tlic  phenomena  of  the  satel- 
lites are  illustrated  in  Fij;.  1)4.  Here  S  rcpreiwnts  the  sun,  A  T 
the  orlnt  of  the  earth  (the  earth  itself  being  at  T),  the  outer  circle 
the  orbit  of  Jiifiiter,  and  the  four  small  circles  upcjn  the  latter  four 
difierent  |>OBitionii  of  the  orbit  of  a  satellite.  In  the  centre  of  each 
of  the  satellite  orbits  will  be  seen  u  small  whit*  circle  dcsigTied  to 
re]ire8ent  tlie  ]ilauet  JujiiUr  itself.  The  dotted  lines  drawn  from 
each  edge  of  the  sun  tx>  the  corresfionding  edges  of  the  planet  and 
coDtinued  until  they  meet  in  a  jxiint  show  the  outlines  of  the 
shadow  of  Jujiiler. 

Let  ua  first  consider  the  position  of  Jupiter  marked  J  to  the  left 
of  the  fiji;ure,  it  being  then  m  oj)position  to  the  sun.  The  observer 
on  the  earth  at  T  could  not  then  see  an  object  anywhere  in  the 
shadow  of  Jupiter  iH'causc  the  latter  is  entirely  behind  the  planet. 
Hence,  as  the  satellite  moves  around,  he  will  see  it  disap|>enr  behind 
the  right-hand  limb  of  the  planet  and  reappear  from  the  left-hand 
limb.  Such  a  phenomenon  is  called  an  occultation,  and  is  desig- 
nated an  disappearance  or  reuppcaruDcc,  according  to  the  phase. 

It  may  Im  remarked,  however,  that  the  inclination  of  the  outer 
iatcUite  to  the  orbit  of  Jupiter  is  so  great  that  it  sometimes  passes 
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entirely  above  or  below  the  planet,  and  therefore  is  not  •ccuItMi 
bt  all. 

Let  us  next  conHider  Ju}iiter  in  the  position  J''  near  the  bottom  of 
the  figure,  the  shadow,  as  before,  pointing  from  the  planet  directly 
awa}-  from  the  sun.  If  the  shadow  were  a  visible  object,  the  ol>- 
server  on  the  earlh  at  7"  could  see  it  projected  out  on  the  right  of 
the  planet,  because  he  is  not  in  the  line  between  Jujtitrr  and  the  sun. 
Hence  as  a  satellite  moves  around  und  enters  the  shadow,  be  will  see 
it  disappear  from  sight,  owing  to  the  sunlight  being  cut  oflf;  thi« 


Fig.  94.— piTEMorENA  of  jupiter's  aATELLfTEa 

Is  called  an  tflipte  ^imppfaranee.  If  the  satellite  is  one  of  the  tw» 
outer  ones,  he  will  be  able  to  see  it  reappear  again  after  it  comes 
out  of  the  shadow  before  it  is  occulted  behind  the  planet. 

Soon  aflorwiird  the  ocrultation  will  occur,  and  it  will  afterward 
reappear  on  the  left.  In  the  case  of  the  inner  or  first  satellite,  how- 
ever, the  point  of  emergence  from  the  shadow  is  hidden  behind  the 
planet, consequently  the  observer,  after  it  once  diRnpp<'nrs  in  the  shad- 
ow, will  not  see  it  reappear  until  it  emerges  from  behind  the  planet. 

If  the  planet  ia  in  the  position  -P,  the  satellite  will  be   oecultvd 
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behind  the  planet  where  it  reaches  the  first  dotted  line.  If  it  is  the  in- 
ner satellite,  it  will  not  bo  seen  to  reappear  on  the  other  side  of  the 
planet,  hecauBenhea  it  reaches  the  second  dotted  line  it  has  entered 
the  shadow.  After  a  while,  however,  it  will  reappear  from  the 
■hadow  some  little  distance  to  the  left  of  the  planet  ;  this  phe- 
nomenon is  called  an  eelipu  rcajipearnjice.  In  the  case  of  the  outer 
satellites,  it  may  sotnctimes  happen  that  they  are  visible  for  a  short 
time  after  they  emerge  from  behind  the  disk  and  before  they  enter 
the  8hndi>w. 

These  different  appearances  are,  for  convenience,  represented  in 
the  figure  as  corresponding  to  different  |>ositions  of  JuiriUr  in  his 
orbit,  the  earth  having  the  same  position  in  all  ;  but  since  Jupiter 
revolves  around  the  sun  only  once  in  twelve  years,  the  changes  of 
relative  position  really  corre8|)ond  to  different  positions  of  the  earth 
in  its  orbit  during  the  course  of  the  year. 

The  BHtcllitcs  completely  dianpiiear  from  telescopic  view  when 
they  enter  the  shadow  of  the  planet.  This  seems  to  show  that 
neither  planet  nor  satellite  is  self-lutninous  to  any  great  extent.  If  the 
satellite  were  self-luminous,  it  would  be  seen  by  its  own  light,  and 
if  the  planet  were  luminous  the  satellite  might  be  seen  by  the  re- 
flected light  of  the  planet. 

The  motions  of  these  objects  are  connected  by  two  curious  and 
important  relations  discovered  by  La  Place,  and  expressed  as  fol- 
lows: 

I.  The  mean  motion  of  the  Jint  satellite  added  to  tiriee  the  mean 
mutton  of  t/ie  third  it  exaetly  equal  to  three  timet  the  mean  motion  of 
the  leeond. 

II.  If  to  the  maon  knffitude  of  th«  firtt  taUUite  ue  add  tteiee  th^ 
mean  lonffitude  of  the  third,  and  tubtraet  three  timet  the  mean  longitude 
of  theteeond,  the  differrnu  it  (i/«wiy»  180°. 

The  first  of  these  relations  is  shown  in  the  following  table  of  the 
mean  daily  motions  of  the  satellites: 

Satellite   I  in  one  day  moves 203'-4890 

II        "          "            101-3748 

"      III        '•          "            60-8177 

••       IV        "          "            21° -8711 

Motion  of  Satellite  1 808*-4890 

Twice  that  of  Satellite  III 100'  6354 

8am 304'-1844 

Three  times  motion  of  Satellite  II 804°1244 

Obaervntions  showed  that  this  condition  was  fulfilled  as  exactly 
as  possible,  but  the  discovery  of  La  Place  consisted  in  showing  that 
if  the  appro-ximate  coincidence  of  the  mean  motions  was  once  es- 
tablished, they  could  never  deviate  from  exact  coincidence  with 
the  law.  The  case  is  analogous  to  that  of  the  moon,  which  always 
presenta  the  same  face  to  us  and  which  always  will  since  the  rela- 
tion being  once  approximately  true,  it  will  become  exact  and  evei 
remain  so. 
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The  discovery  of  the  gradual  propagation  of  light  by  mpans  of 
these  mitellites  "has  already  been  dcHcribed,  and  it  has  also  b«?n  ex- 
jilained  that  they  are  of  use  in  the  rough  determination  of  longi- 
tudes. To  facilitate  their  observation,  the  Nautical  Almanac  gives 
complete  ephemeridcs  of  their  phenomena.  A  specimen  of  a  por- 
tion of  such  an  ephcmeris  for  1805,  March  7th,  8th,  and  9th.  is 
added.  The  times  are  Washington  mean  times.  The  letter  Vin- 
dicates that  the  phenomenon  is  visible  in  AYashiogton. 
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Suppose  an  observer  near  New  York  City  to  have  determined  his 
local  time  accurately.  This  is  about  IS"  faster  than  Washington 
time.  On  18li3,  March  8th,  he  would  look  for  the  reapi)earance  of 
II  at  about  15''  34""  of  his  local  time.  Suppose  he  observed  it 
at  15'  38'"  32'-7  of  his  time:  then  his  meridian  is  13"  ll«-6 
east  of  Washington.  The  difficulty  of  observing  these  eclips(!s  with 
accuracy,  and  the  fact  that  the  aperture  of  the  telescope  employed 
has  an  important  effect  on  the  appearances  seen,  have  kept  this 
method  from  a  wide  utility,  which  it  at  first  seemed  to  promise. 

The  apparent  diameters  of  these  satellites  have  been  measured  bj 
Stkuve,  Skcchi,  and  others,  and  the  best  results  are : 

I,    l"-0;   H,  0"-9;   III,   l"-5;  IV,    l"-3. 

Their  masses  {Jupiler  —  ^ )  are  : 

I,  OOOOOIT  ;  II,  0  00(l02H  ;  III,  0  000088  ;  IV,  0-000043. 

The  third  satellite  is  thus  the  largest,  and  it  lias  about  the  dro- 
sity  of  the  planet.  The  true  diameters  vary  from  2200  to  3700 
miles.  The  volume  of  II  is  about  that  of  our  moon  ;  III  approaches 
our  earth  in  size. 

Variationn  in  the  light  of  these  bodies  have  constantly  been 
noticed  which  liave  been  supposed  to  be  due  to  the  fact  that  they 
turned  on  their  n.xcs  once  in  a  revolution,  and  thus  presented  various 
faces  to  us.  The  recent  accurate  photometric  measures  of  Enuci.- 
MAKN  show  that  this  hypothesis  wilt  not  account  for  all  the  changoa 
observed,  some  of  which  appear  to  be  quite  sudden. 
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CHAPTER  VIIL 


SATURN  AND   ITS    SYSTEM. 


g   1.    GENERAL  DESCHIPTION. 

Saium,  is  tlie  most  ilistsiut  of  the  major  planets  known 
to  the  ancients.  It  revolves  arouiul  the  sun  in  2S>J  years, 
at  a  mean  distance  of  nearly  l,5t»0,(H)U,000  kilometrefl 
(890,000,000  miles).  The  angular  diameter  of  the  ball  of 
the  planet  is  about  lC'-2,  currespouding  to  a  true  diaiii- 
eterof  about  110,000  kilometres  (70,500  miles).  Its  diam- 
eter is  therefore  nearly  nine  times  and  its  volume  abont 
700  times  that  of  the  earth.  It  is  remarkable  for  its  small 
density,  which,  so  far  as  known,  is  less  than  that  of  anj 
other  heavenly  body,  and  even  less  than  that  of  water. 
Consequently,  it  cannot  be  composed  of  rocks,  like  those 
which  form  our  earth.  It  revolves  on  its  a.xis,  according 
to  the  recent  observatioiis  of  Professor  Hall,  in  lO"*  14" 
2i',  or  less  than  half  a  day, 

Saturn,  is  perhaps  the  most  remarkable  planet  in  the  so- 
lar sy.'item,  being  itself  the  centre  of  a  system  of  its  own, 
altogether  unlike  any  thing  else  in  the  heavens.  Its  most 
noteworthy  feature  is  seen  in  a  pair  of  rings  which  sur- 
round it  at  a  considerable  distance  from  the  planet  itself. 
Outside  of  these  rings  revolve  no  less  tlian  eight  satellites, 
or  twice  the  greatest  number  known  to  surroand  any 
other  planet.  The  planet,  rings,  and  satellites  are  alto- 
gether called  the  Satnrjuan  system.  The  general  appear 
ance  of  this  system,  as  seen  in  a  small  telescope,  is  shown 
in  Fig.  95. 
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To  tlie  naked  eye,  Satuni  is  of  a  dull  yullowish  color, 
shiDing  with  about  the  brilliancy  of  a  star  of  the  first  mag- 
nitude. It  varies  in  brightness,  however,  with  the  way 
ill  which  \t»  ring  is  seen,  being  brighter  the  wider  the  ring 
appears.  It  conies  into  opposition  at  intervals  of  one  year 
and  from  twelve  to  fourteen  days.  The  following  are  the 
times  of  some  of  these  oppositions,  by  studying  which  one 
will  be  enabletl  to  recognize  the  planet : 
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1879 October  6th. 

1880 Octolier  18th. 

1881 October  31st. 

1882 NovenilKjr  Uth. 

1883 Novemlier  28th. 

1884 December  11th. 

During  tliese  years  it  will  be  best  seen  in  the  aatnjun 
and  winter. 
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When  viewed  with  a,  telescope,  the  physical  appearance 
of  the  ball  of  Saturn  is  quite  similar  to  that  of  Jupiter^ 
having  light  and  dark  Ijelts  parallel  to  the  direction  of  its 
rotation.  But  these  eluud-like  belts  are  very  difficult  to 
see,  and  so  indistinct  that  it  is  not  easy  to  determine  the 
time  of  rotation  from  them.  This  has  been  done  by  ob- 
serving the  revolution  of  bright  or  dark  spots  which  appear 
on  the  planet  on  very  rare  occasions. 
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The  rings  are  the  most  remarkable  and  characteristic 
feature  of  the  Batumi  an  system.  Fig.  96  gives  two  view« 
of  the  ball  and  rings.  The  upper  one  shows  one  of  their 
aapetits  as  actually  jjresented  in  the  telescope,  and  the 
lower  one  shows  what  the  appearance  would  be  if  tlie 
planet  were  viewed  from  a  direction  at  right  angles  to  the 
plane  uf  the  ring  (which  it  never  can  bo  f»*om  tlie  eartli). 

The  first  telescopic  observers  of  Saturn  were  unable  to 
see  the  rings  in  their  true  form,  and  were  greatly  per- 
plexed to  account  for  the  appearance  which  the  planet 
presented.  Gauleo  described  the  planet  as  "  tri-corpo- 
rate,"  tlie  two  cuds  of  the  ring  having,  in  his  imperfect 
telescope,  the  apj>earance  of  a  pair  of  small  planets  at- 
tached to  the  central  one.  "  On  each  side  of  old  Saturn 
were  servitors  who  aided  him  on  his  way. "  This  sup- 
posed discovery  was  announced  to  his  friend  Kepler  in 
the  following  logogrijih  : 

smaisninnihuepoctalevmibunenugttaviras,  which,  being 
transposed,  bet'omes — 

"  Altissimum  planetam  tergeminum  observavi"  (I  have 
observed  the  most  distant  planet  to  he  triform). 

The  phenomenon  constantly  remained  a  mystery  to  its 
first  observer.  In  IfilO  he  had  seen  the  planet  accompa- 
niod,  as  he  supposed,  by  two  lateral  stars ;  in  1612  tlie 
latter  had  vanished,  and  the  central  body  alone  remained. 
After  that  Galileo  ceased  to  observe  Saturn. 
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Tlie  appearances  of  the  riug  were  also  incomprehensible 
to  IIkvelius,  Gasskndi,   and  others.      It  was  not  until  i 
lfi55  (after  seven  years  of  observation)  that  the  celebrated] 
HuYOHBiNs  discovered  the  true  explanation  of  the  remark- 1 
able  and  ret-urring  series  of  phenomena  presented  by  the  tri- 
eoqjorate  planet. 

He  annou5iced  liis  eouelusions  in  the  following  logo- 
grip]  i  : — 

"  aaaaaa  ccccc  d  eeeee  g  li  iiiiiii  1111  mm  nnnnnnnnn 
oooo  pp  q  rr  s  ttttt  imuuu,"  which,  when  arranged,  read — 

"  Aiinulu  eingitiir,  tenni,  piano,  iiusquam  coherent*;, 
ad  eclipticam  inclinatu"  lit  is  girdled  by  a  thii»  ]>lane  ring, 
nowhere  touching,  inclined  to  the  ecliptic). 

This  description  is  c*i>nij>lete  and  accurate. 

In  10(i5  it  M'as  found  by  B.^i.l,  of  England,  that  'wluU 
IluYuuEKS  had  seen  as  a  single  ring  was  really  two.  A 
division  e.vtcndcd  all  the  way  around  near  the  outer  edge. 
This  division  i.s  shown  in  the  ligurus. 

In  1850  the  Messrs.  Bond,  of  Cand)ridge,  found  that  there 
W!ia  a  third  ring,  of  a  dusky  and  nebulous  asjject,  insid&J 
tlie  otlicr  two,  or  rather  attached  to  the  inner  edge  of  tbsi 
inner  ring.     It  is  therefore  known  as  Bond's  dusky  ring. 
It  had  not  lieen  before  fidly  described  owing  to  its  dark»J 
ness  of  color,  which  made  it  a  difficult  object  to  see  exoeptn 
with  a  good  telescope.     It  is  not  separated  from  the  bright 
ring,  but  seems  as  if  attached  to  it.     The  latter  shades  off 
toward  its  inner  edge,  which  mei-ges  gradually  into  the 
dusky  ring  so  as  to  make  it  difficult  to  decide  precisely 
where  it  ends  and  the  dnsky  ring  begins.     The  latter  ex- 
tends about  one  half   way  from  the  inner  edge  of    tlie 
bright  ring  to  the  ball  of  the  planet. 

Aspect  of  the  Bings. — As  Saturn  revolves  around  the 
film,  the  plane  of  the  rings  remains  parallel  to  iteelf.  Tliat  • 
is,  if  we  consider  a  straight  line  jiassiug  through  the  centre 
of  the  planet,  perpendicular  to  tlie  plane  of  the  ring,  as 
the  axis  of  the  latter,  this  axis  will  always  point  in  the 
name  direction.     In  tliia  respect,  the  motion  is  similar  to 
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that  of  the  earth  around  the  sun.  The  ring  of  Saium  is 
inclined  about  27°  to  the  plane  of  its  orbit.  Conse- 
quentlj,  aj5  the  planet  revolves  around  the  sun,  there  is  a 
change  in  the  direction  in  which  the  sun  Bhines  upon  it 
similar  to  that  which  produces  the  change  of  seasons  upon 
the  earth,  as  shown  in  Fig.  4G,  page  1M9. 

The  corresponding  changes  for  Saturn  are  shown  in 
Fig.   97.     During  each  revolution  of  Saturn  the  plane 
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FlO.   97. — DIFFERENT    ASPECTS    OF    THE    MSO    OF    BATClUt  AS  SEEN 
FROM  TI1£  EAKTO. 

of  the  ring  passes  through  the  sun  twice.  This  occuiTed 
in  tlie  years  lSr)2  and  1S7S,  at  two  opposite  points  of  the 
orbit,  as  shown  in  the  figure.  At  two  other  points,  mid- 
way lietwecn  tliese,  tlie  sun  shines  upon  tlie  plane  of  the 
ring  at  its  greatest  inclination,  about  27".  Since  the  earth 
is  httle  more  than  one  tenth  us  far  from  the  sun  as  iSti^ 
vrn  is,  an  o1>8erver  always  sees  Saturn  nearly,  but  not 
quite,  as  if  he  were  upon  the  sun.     Hence  at  certain  times 
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the  rings  of  Saium  are  seen  edgeways,   while  at  other 

times  they  are  at  an  inclination  of  27°,  the  aspect  depend- 
iug  upon  tlie  position  of  the  planet  in  its  orbit.  The  fol- 
lowing are  the  times  of  some  of  the  pliases  : 

1878,  February  7th.— The  edge  of  the  ring  was  turned 
toward  the  sun.  It  could  then  be  seen  only  as  a  thin 
hne  of  light. 

1885. — The  planet  havinginoved  forward  90°,  the  south 
side  of  the  rings  nuiv  be  seen  at  an  inclination  of  27°. 

1891,  December.— Tlic  planet  having  moved  90°  fur- 
ther, the  edge  of  the  ring  is  again  turned  toward  the  sun. 

1899. — The  north  side  of  the  ring  is  inclined  toward  the 
sun,  and  is  seen  at  its  greatest  inclinjition. 

The  rings  are  extremely  thin  in  proportion  to  tlieir  ex- 
tent. Rings  cut  out  of  a  large  newspaper  would  hare  much 
the  same  proportions  as  those  of  Saturn.  Consequently, 
when  their  edges  are  turned  toward  the  eartli,  they  appear 
as  a  thin  line  of  light,  which  can  be  seen  only  with  power- 
ful telescopes.  With  such  telescopes,  the  planet  appears 
as  if  it  were  pierced  through  by  a  piece  of  very  line  wire, 
the  en<ls  of  which  project  on  each  side  more  than  the  diam- 
eter of  the  planet.  It  has  frequently  been  remarked  that 
tliis  appeanuice  is  .seen  on  one  side  of  the  planet,  when  no 
trace  of  the  ring  can  be  seen  on  the  other. 

There  is  sometimes  a  period  of  a  few  weeks  during 
which  the  plane  of  the  ring,  extended  outward,  passes  be- 
tween the  sun  and  the  earth.  That  is,  the  sun  shines  on 
one  side  of  the  ring,  while  the  other  or  dark  side  is  turned 
toward  the  earth.  In  this  case,  it  seems  to  be  established 
that  only  the  edge  of  the  ring  is  visible.  If  this  be  so, 
the  BXibfitance  of  the  rings  cannot  be  transparent  to  the 
sun's  rays,  else  it  would  be  seen  by  the  light  which 
through  it. 

Foaaible  Changes  in  the  Rings.— In  1851  Otto  Strttyk  pwv 
pounded  a  aotcwfirlliy  theory  of  clianges  going  on  in  the  rinffc  o/ 
Saluni.  From  nil  the  (lescriptions,  figures,  and  luensurea  given  by 
the  older  utronomers,  it  appeared  tlist  two  liundred  years  ago  **yi 
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■pace  between  the  planet  and  the  inner  ring  was  at  least  equal  to 
the  combined  breadth  of  the  two  rinjfs.  At  present  this  distance 
is  less  than  one  half  of  this  breadth.  Hence  SxRirvE  concluded  that 
the  inner  ring  was  widening  on  the  inside,  so  that  its  edge  had  been 
approaching  the  planet  at  the  rate  of  about  I'-U  in  a  century.  The 
space  between  the  planet  and  the  inner  edge  of  the  briglit  ring  is 
now  about  4',  so  that  if  Strcve's  theory  were  true,  the  inner  edge 
of  the  ring  would  actually  reach  the  planet  about  the  year  2200. 
Notwithstanding  the  amount  of  evidence  which  Struve  cited  in 
favor  of  his  theory,  astronomers  generally  are  incredulous  respecting 
the  reality  of  so  extraordinary  a  change.  The  measures  necessary 
to  settle  the  question  are  so  difficult,  and  the  change  is  »o  «low  that 
some  time  must  elapse  before  the  theory  cjin  be  estMblishcd,  even  if 
it  is  true.      The  measures  of  Kaiskk  render  this  doubtful. 

Shadow  of  Planet  and  Bing.— With  any  good  telescope  it  is 
ea>iy  to  observe  both  the  shadow  of  the  ring  ujwn  the  ball  of  Saturn 
and  that  of  the  ball  uijon  the  ring.  Tlie  form  which  the  shadows 
present  often  ap]>ears  aifferent  from  that  which  the  shadow  ought 
to  have  according  to  the  geometrical  conditions.  These  differences 
probably  arise  from  irradistion  and  other  optical  illusions. 

Cooa'titution  of  the  Rings  of  Saturn.— The  nature  of  these 
objects  has  been  a  .subject  both  of  wonder  and  of  investigation  by 
mathematiriaos  and  astronomtrs  ever  since  they  were  discovered. 


They  were  at  first  sup[H>s<.-d  to  bo  solid  bodies  ;  indeed,  from  their 
ajipearance  it  was  diflicult  to  conceive  of  them  as  anything  else. 
The  question  then  arose  :  What  kcei>s  them  from  fulling  on  the 


planet  f  It  was  shown  by  L.*  Pi,irE  that  a  homogeneous  and  solid 
ring  surrounding  the  planet  could  not  remain  in  a  state  of  equili- 
brium, but  must  be  precipitated  upon  the  central  ball  by  the  smalU 
est  disturbing  force.  Hekschei.  having  thought  that  he  saw  cer- 
tain irregularities  in  the  figure  of  the  ring,  La  Pi.ace  concluded  that 
the  object  could  be  kept  in  equilibrium  by  them.  He  simply  as- 
sumed this,  but  did  not  attempt  to  prove  it. 

A)>out  I860  the  investigation  was  again  begun  by  Professors  Boini 
and  Peirce,  of  Cambridge.  The  former  supposed  that  the  rings 
could  not  be  solid  at  all,  because  they  had  sometimes  shown  signs  of 
being  tem|x)rarily  broken  up  into  a  large  numlter  of  concentric 
rings.  Although  this  was  probably  an  optical  illusion,  he  concluded 
that  the  rings  must  be  liquid.  Professor  PsincE  took  up  the  prob- 
lem where  La  Place  had  left  it,  and  showed  that  even  an  irregular 
solid  ring  would  not  be  in  equilibrium  about  Sitvm.  He  therefore 
adopted  the  view  of  Bond,  that  the  rings  were  fiuid  ;  but  finding 
that  even  a  fluid  ring  would  be  unstable  without  a  support,  he  sup- 
posed that  such  a  support  might  be  furnished  by  the  satellites. 
This  view  has  also  been  abandoned. 

It  is  now  established  beyond  reasonable  doubt  that  the  rings  do 
not  form  a  continuous  ma.<u,  but  are  really  a  countless  multitude  of 
small  separate  {Mirticles,  each  of  which  revolves  on  its  own  account. 
These  satellites  are  individually  far  too  small  to  be  seen  in  any  tele- 
scope, but  so  numerous  that  when  viewed  from  the  distance  of  the 
earth  they  appear  ••  s  continuous  mmas,  like  ]iarticles  of  dust  float- 
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ing  in  a  sunbeam.  Tliis  theory  was  first  propounded  by  CASUm, 
of  Puris,  in  1715.  It  had  been  forgotten  for  a  century  or  more, 
when  it  was  revived  by  Professor  Clekk  Maxwell  iu  1856.  The 
liitter  published  a  profound  muthematicikl  discussion  of  the  whole 
(juestiun,  in  which  he  show.s  thnt  tiiis  hyi>otbesta  and  this  aione 
would  account  for  the  ap|K'arance8  presented  by  the  rings. 

Kaiseb's  measures  of  the  dimensions  of  the  Saturuiau  syEtem  are  : 

BALL   OF    8ATURK. 

Equatorial  iliamcter 17'**74 

Polar  "        15-»3W 

HIN08. 

Major  axia  of  outer  ring S9"'47l 

'*       "      "  the  great  division S4*'S37 

"       "      "  the  inner  edge  of  ring 27-*859 

Width  of  the  ring 5-*800 

Dark  space  between  ball  and  ring 5'*S99 


g  3.    SATELLITES  OF  SATUHBT. 

Oiitsiile  the  rinps  of  S<ttu/m  revolve  its  eight  satellites, 
tlie  ordtT  aiul  di.scoverj'  of  which  lUX!  aliowa  in  the  fullo\ 
table  : 


ll 


No. 


Nahi. 


Mimas. 

Enceliulua 

Tclhys. 

DiiiDC. 

Kliea. 

Titan. 

Hyperion. 

Japelus. 


Dirtaace 
from 

Planet. 


3-3 

4-3 

5-3 

6-8 

0-5 

20-7 

26-8 

64-4 


DiKOTCfcr. 


Herschel. 

Herschel. 

Caaslni. 

Casaiai. 

Casaiai. 

Uuveheas. 

BonJ. 

Cassiiii. 


Dale  of  Diacovcty. 


1789,  September    17 

1789.  Au^aat  3N. 

1084.  March. 

1684.  March. 

1672.  Uecetiiber  23. 

1055.  March  5W. 

184H,  September  JO. 

1071,  October. 


The  distances  from  the  planet  are  given  in  radii  of  tlie 

hitter.  The  satellites  Afimnx  ami  ITi/frion  are  visible 
only  in  the  most  powerfnl  teleseopes.  Tlie  brightest  of 
all  is  Tifan,  which  can  be  seen  in  a  telescope  of  the  small- 
est ordinary  size.     Jajietus  has  the  remarkable  peculiarity 
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of  apj>earitig  nearly  as  bright  as  Titan  wlien  6een  west  of 
the  planet,  aud  so  faint  as  to  be  visible  only  in  large  tel- 
escopes when  oil  the  other  side.  This  appearance  is  ex- 
plained by  suppjsiiig  that,  like  our  moon,  it  always  pre- 
sents the  same  face  to  the  planet,  and  that  one  side  of  it  ia 
black  and  the  other  side  white.  When  west  of  the  j>lanet, 
the  bright  eide  is  turned  toward  the  earth  and  the  satellite  is 
visible.  On  the  other  side  of  the  planet,  the  dark  side  ia 
turned  toward  us,  and  it  is  nearly  invisible.  Most  of  the 
remaining  five  satcliites'cim  be  ordinarily  seen  with  tele- 
scojxis  of  moderate  power. 

The  elements  of  all  the  satellites  are  shown  in  the  fol- 
lowing table  : 


Satsixitb. 


Mean  DaUr 
MotloD. 


Maui 
DlfUucc 

from 
Salura. 


Loosltade 
Peri.S*t. 


trtcltjr. 


ladtoa-   iLoogKod* 
tloQ  to  of 

Kellptic.       Nods 


Mimu. 

Enceladus. 
Tetliya.... 

DUoe 

Rliea. 

Tlun 

Hyperion.. 
Ja]>etuB.  .  .  j 


.381 '953 
382-721 
1MM773 
131 -584030 

Taooozie 

23-577033 
16  9U 


42-70 

64 -eu 

7(1  13 
170-75 
214-22 
514.64 


28  00 

28  00 

28  10 

38  10 


28  00 
18  44 


108  00 

108  00 

167  88 

167  38 

166  34 

167  56 
I6H  00 
143  53 
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THE   PLANET  URANUS. 

Uranus  was  discovered  on  March  13th,   1781,  by  Sir 
WiLLUM  Hekschel  (then  an  amateur  observer)  with  a 
ten-foot  reflector  made  by  himself.     He  was  exatniiiiiig  a 
portion  of  the  sky  near  H  Gemtnorum,  when  one  of  tlie 
stars  in  the  field  of  view  attracted  his   notice  by  its  pecu- 
liar appearance.     On  further  scrutiny,  it  proved  to  have  a 
planetary  disk,  and  a  motion  of  over  2'  per  boor.     Hbb* 
scHEU  at  first  supposed  it  to  l>e  a  comet  in  a  distant  part 
of  its  orbit,  and  under  this  impression  parabolic  orbit* 
were  computed  for  it  by  various  mathematicians.     Nonel 
of    these,   however,    satisfied   subsequent     observations,  | 
and  it  was  finally  announced  by  Lexell  and  La  Placi 
that  the  ne\*'  body   was  a  jilaiiet  revolving  in  a  nearl) 
circular  orbit.      Wo  e;ui  scai'cely  comprehend  now   thai 
enthusiasm  with  which  this  discovery  was  received.     Noj 
new  body  (save  comets)  had  lieen  added  to  the  solar  Bvstcm  ( 
since  the  discovery  of  the  third  satellite  of  ^Sa/wrn  in  1684,' 
and  all  the  major  planets  of  the  heavens  had  been  known 
for  thousands  of  years. 

Hkksciiki,  suggested,  as  a  name  for  the  planet,  GeoT' 
g^ium.  Si(lu/r,  and  oven  after  ISdii  it  was  known  in  the  Eng- 
lish Nautlftd  Almanac  as  the  Georgian  Planet.  L.vlanok 
suggested  I/emrhd  as  its  designation,  but  tliis  wag  judged 
too  personal,  and  finally  the  name  Uraniu  was  adopted. 
Its  symbol  was  for  a  time  written  Ijl,  in  recognition  of  the 
name  proposed  by  Lalande. 

f7/'rt;iw*  revolves  about  the  sun  in  84  years.  Its  appar- 
ent diameter  as  seen  from  tho  earth  varies  little,   being 
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abont  3' -9,  Its  true  diameter  is  abont  50,000  kilometres, 
and  its  figure  ia,  bo  far  as  we  yet  know,  exactly  spherical. 

In  physical  appearance  it  is  a  small  greenish  disk  with- 
out markings.  It  is  possible  tliat  the  centre  of  the  disk  is 
slightly  brighter  than  the  edges.  At  its  nearest  approach 
to  the  earth,  it  shines  as  a  star  of  the  si.vth  magnitude, 
and  is  just  visible  to  an  acute  eye  when  the  attention  is 
directed  to  its  place.  In  small  telescopes  with  low  pow- 
ers, its  appearance  is  not  markedly  diiTerent  from  that  of 
stars  of  about  its  own  brilliancy. 

It  is  cnstomarj'  to  speak  of  Hekschel's  discovery  of 
Uranvs  as  an  accident ;  but  tliis  is  not  entirely  just,  as 
all  conditions  for  the  detection  of  such  an  object,  if  it  ex- 
isted, were  fulfilled.  At  the  same  time  the  early  identifi- 
cation of  it  as  a  planet  was  more  easy  than  it  would  have 
been  eleven  days  wirlier,  when,  as  Akaoo  points  out,  the 
planet  was  stationary. 

Sir  AViLLiAM  IIhrstmel  suspected  that  Uranua  was  ac- 
conipjuiied  by  six  satellites. 

Of  the  existence  of  two  of  these  satellites  there  has 
never  been  any  doubt,  as  they  were  steadily  olwerved  by 
Merschel  from  1787  until  1810,  and  by  Sir  Joiix  Hek- 
st:nEL  during  the  years  ISSS  to  1832,  as  well  as  by  other 
later  observers.  None  of  the  other  four  satellites  de- 
scribed by  IIeusi'iikl  have  ever  Itecn  seen  by  other  ob- 
servers, and  he  was  undoubtedly  mistaken  in  supposing 
them  to  exist.  Two  additional  ones  were  discovered  by 
Lasbell  in  1S47,  and  arc,  with  the  satellites  of  Mars,  the 
faintest  oBjccts  in  the  solar  system.  Neither  of  them  is 
identical  with  any  of  the  missing  ones  of  IIkrscuei..  As 
Sir  WiLLUM  Hkkschkl  had  suspected  six  satellites,  the 
following  names  for  the  true  satellites  are  generally  adopt- 
ed to  avoid  confusion : 

AATl. 

I,  Arid Period  =    2-520383 

II,    Umbrid "     =    4-144181 

Til,   r/Mnw,  Hebschel's  (II.) "     =    8-705897 

IV,  oberon,  II  ebsch  el's  G V. ) "    =  13  •  ^esaeg 
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It  is  an  interesting  question  whether  the  obeenrationfl 
wliich  Herscuel  assigned  to  his  supposititiouB  satellite  I 
may  not  Ije  composed  of  observations  sometimes  of  Arid, 
sometimes  of  Uinbriel.  In  fact,  out  of  nine  snpposed 
observations  of  I,  one  case  alone  was  noted  by  Hebaohkl 
in  wliicli  his  positions  were  entirely  trostworthy,  and  on 
this  niglit  UtnhrU'l  was  in  the  position  of  his  supposed 
Batellite  I. 

It  is  likely  that  Ariel  varies  in  hrii^htness  on  different 
sides  of  tJie  planet,  and  the  same  phenomenon  has  also 
been  suspected  for  Titania. 

The  moat  remnrkalile  feature  of  the  BatcUites  of  Vranu*  u  that 
their  orbits  are  nearly  perpendicular  to  the  ecliptic  instead  of 
hiivin^  a  small  inclination  to  that  plane,  like  those  of  all  the  orbits 
of  both  planeta  and  satellites  previously  known.  To  form  a  coirect 
idea  of  the  position  of  the  orbits,  we  must  imagine  them  lipped  over 
until  their  north  pole  is  nearly  8'  below  the  ecliptic,  instead  of  90" 
above  it.  The  pole  of  the  orbit  which  should  be  considered  as  the 
north  one  ia  that  from  which,  if  an  observer  look  down  upon  a  rr- 
volving  body,  the  latter  would  seem  to  turn  in  a  direction  opposite 
that  of  the  hands  of  a  watch.  When  the  orbit  is  tipped  over  more 
than  a  right  angle,  the  motion  from  a  point  in  the  direction  of  the 
north  pole  of  the  ecliptic  will  seem  to  he  the  reverse  of  this  ;  it  is 
therefore  sometimes  considered  to  be  retrograde.  This  temi  is  fre- 
quently applied  to  the  motion  of  the  satellites  of  Uranus,  but  b 
rather  misleading,  since  the  motion,  being  nearly  perpendicular  to 
the  eclii>tie,  is  not  exactly  expressed  by  the  tenn. 

The  four  satellites  move  in  the  same  plane,  so  far  as  the  most  re- 
flncd  observations  have  eirer  shown.  This  fact  renders  it  hij^hly 
probable  that  the  ptunet  Uranus  revolves  on  its  axis  in  the  same 
plane  with  the  orbits  of  the  satellites,  and  is  therefore  an  oblat* 
spheroid  like  the  earth.  Thi.s  conclusion  is  founded  on  the  consid- 
eration that  if  the  planes  of  the  satellites  were  not  kept  together  by 
some  cause,  they  would  grndunHy  deviate  from  each  other  owing  to 
the  attractive  force  of  the  sun  upon  the  planet.  The  different  aatel- 
litea  would  deviate  by  different  amounts,  and  it  would  be  <?xtreinely 
improbable  that  all  the  orbits  would  at  any  time  be  found  in  the 
same  plane.  Since  we  see  them  in  the  same  plane,  we  conclude  that 
aomc  force  keeps  them  there,  and  the  obtateness  of  the  planet  would 
cause  such  a  force. 
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CHAPTER    X. 

THE   PLANET   NEPTUNE. 

After  tho  planet  Uranus  liarl  been  observed  for  some 
thirt}'  years,  tables  of  ita  motion  were  jjrepared  by 
B<iLVAKn.  lie  had  as  datji  available  for  this  jmrpose  not 
only  tlie  olieervationa  since  17M,  but  also  olwervationa 
made  by  Le  Monnier,  Flambteeo,  and  others,  extending 
back  as  far  !W  WM),  in  which  the  planet  was  obser^'ed  for 
a  tixed  star  and  so  recorded  in  their  books.  As  one  of 
the  chief  diflieulties  in  the  way  of  obtaining  a  theory  of 
the  planet's  motion  was  the  short  period  of  time  during 
which  it  had  been  regularly  observed,  it  was  to  be  sup- 
p<i6ed  that  these  ancient  observations  would  materially  aiil 
in  obtaining  exact  acconlance  between  the  tlieory  and  ob- 
8er\'ation.  But  it  was  found  that,  after  allowing  for  all 
perturbations  produced  by  the  known  planets,  the  ancient 
and  modern  oliser\'ation8,  tliough  undoubtedly  referring  to 
the  same  oliject,  were  yet  not  to  be  reconciled  with  each 
other,  but  differed  systematically.  Bouvard  was  forced 
to  omit  the  older  observations  in  his  tables,  which  were 
puldished  in  1820,  and  to  found  his  theory  upon  the 
modem  observations  alone.  By  so  doing,  he  obtained  a 
good  agreement  between  theory  and  the  observations  of 
tho  few  years  immediately  succeeding  1820. 

BoDVARD  seems  to  have  formulated  the  idea  that  a  possi- 
ble cause  for  the  discrepancies  noted  might  be  the  exist- 
ence of  an  unknown  planet,  but  the  meagre  data  at  liis 
disposal  forced  him  to  leave  the  subject  untouched.  In 
l(S30  it  was  found  that  the  tn  '■"^resented  the 
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motion  of  the  planet  vrell  in  1820-25  were  20'  in  error,  in 
1840  the  error  was  90',  and  in  1845  it  was  over  12U'. 

These  progressive  and  systematic  changes  attracted  the 
attention  of  astronomers  to  tlie  subject  of  the  theory  of 
the  motion  of  Uranus.  The  actual  discrepancy  (120'j  in 
1845  was  not  a  quantity  large  in  itself.  Two  stars  of  the 
magnitude  of  Uranu»,  and  separated  by  only  120',  would 
be  seen  as  one  to  the  unaided  eye.  It  was  on  account  of 
its  systematic  and  progressive  increase  that  suspicion  was 
excited.  Several  astronomers  attacked  the  problem  in  vari- 
ous M'ays.  The  elder  Struve,  at  Pulkova,  prosecuted  a 
search  for  a  new  planet  along  with  his  double  star  ol)ser- 
vations  ;  Besski.,  at  Koem'gsberg,  set  a  student  of  his  own, 
Flemuig,  at  a  new  comparison  of  observation  with  theo- 
ry, in  order  to  fumisli  data  for  a  new  doterraination ; 
Araoo,  then  Director  of  the  Observatory  at  Paris,  sug- 
gested this  subject  in  1845  as  an  interesting  field  of  re- 
search to  Le  Verrier,  then  a  rising  mathematician 
and  astronomer.  Mr.  J.  C.  Adams,  a  student  in  Cam- 
bridge Univei-sity,  England,  had  become  aware  of  the 
problems  presented  by  the  anomalies  in  the  motion  of 
CV«7iiM,  and  had  attacked  this  ipiestion  as  early  as  1843. 
In  October,  1845,  Adams  communicated  to  the  Astrono- 
mer Royal  of  England  elements  of  a  new  planet  so  sitnated 
as  to  produce  the  perturbations  of  the  motion  of  Uranus 
which  had  actually  been  observed.  Such  a  prediction 
from  an  entirely  imkiiown  student,  as  Adams  then  was, 
did  not  carry  entire  conviction  with  it.  A  series  of  acci- 
dents prevented  the  unknown  planet  being  looked  for  by 
one  of  the  largest  telescopes  in  England,  and  so  t}ie  mat- 
ter apparently  dropped.  It  may  be  noted,  however,  thai 
we  now  know  Adams'  elements  of  the  new  planet  to  havv 
been  so  near  the  tnith  that  if  it  had  been  really  looked  for 
by  the  powerful  telescope  which  afterward  discovered  its 
satellite,  it  could  scarcely  have  failed  of  detection. 

Be88ki.'s  pupil  FLKMtN(»  died  before  his  work  was  done. 
ftnd    Bessel's  researches  were  temporarily  brought. 
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an  end,  Stetjve's  search  was  unsuccessful.  Only  Lk 
Vekrier  contiuued  hia  investigations,  and  in  the  most 
thorough  manner.  lie  first  coniputeiJ  anew  the  pertnr- 
bations  of  Uranvn  produced  hv  the  action  of  Jupiter  and 
Saturn.  Then  he  examined  tlie  iiiiture  of  the  irregulari- 
ties observed.  These  showed  tliat  if  they  were  caused  by 
an  unknown  planet,  it  could  not  be  between  Saturn  and 
UranuK,  or  else  *Sfct<M;*n  would  have  been  more  affected 
than  was  the  ease. 

The  new  planet  was  outside  of  Uranus  if  it  existed  at 
all,  and  as  a  rough  guide  Buhe's  law  was  invoked,  which 
indicated  a  dirtance  about  twice  that  of  Uranug.  In  the 
Bumnier  of  ls4t>,  Le  Yekkiek  obtained  complete  elements 
of  a  new  planet,  which  would  account  for  the  observed 
irregularities  in  the  motion  of  Uraryut,  and  these  were 
published  in  France.  Tliey  were  very  similar  to  those  of 
Adams,  which  had  been  communicated  to  Professor  Chal- 
LI8,  the  Director  of  the  Observatory  of  Cambridge. 

A  search  was  immediately  begun  by  Cmallis  for  sneh 
an  object,  and  as  no  star-maps  were  at  hand  for  this  region 
of  the  sky,  he  l)egan  mapping  the  surroimding  stars.  In 
so  doing  the  new  planet  was  actually  oljserved,  both  on 
Atigust  4th  and  12tli,  1840,  but  the  observations  remain- 
ing unreduced,  and  so  the  planetary  natnre  of  the  object 
was  not  recogTiizod. 

In  September  of  the  same  year,  Le  Verriek  wrote  to 
Dr.  Gali.e,  then  Assistant  at  the  Obeer^'atory  of  Berlin, 
asking  him  to  search  for  the  new  planet,  and  directing 
him  to  the  place  where  it  should  be  found.  By  the  aid 
of  an  excellent  star  cbart  of  this  region,  which  had  just 
been  completed  by  Dr.  Bkeuikeb,  the  planet  was  found 
September  23d,  1846. 

tThe  strict  rights  of  discovery  lay  with  Le  Vebriek, 
but  the  common  consent  of  mankind  h«w 
AuAMs  with  an  equal  shore  in  the  ^ 
most  brilliant  achievement.     Tr 
most  unfortunate  raoceuion ' 
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did  not  attach  to  Adams'  researclies.  One  thing  mnst  io 
fairness  be  said,  and  that  is  that  the  results  of  Le  Vkb- 
KiER,  which  were  reached  after  a  most  thorough  investi- 
gation of  the  whole  ground,  were  announced  with  an  en- 
tire confidence,  which,  perliaps,  was  lacking  in  the  other 
case. 

This  briUiant  discovery  created  more  enthusiasm  than 
even  the  discovery  of  Uranus,  as  it  was  hy  an  exercise  of 
far  higlier  qualities  that  it  was  achieved.  It  appeared  to 
savor  of  the  raarvellous  that  a  mathematician  could  eaj 


Fiu.  08. 

to  a  working  astronomer  that  by  pointing  his  telescope  to 
a  certain  small  area,  within  it  should  be  found  a  new 
major  planet.     Yet  so  it  was. 

The  general  nature  of  the  disturbing  force  which  re- 
vealed the  new  planet  may  be  seen  by  Fig.  98,  which 
shows  the  orbits  of  the  two  planets,  and  their  respective, 
motions  between  17S1  and  1S40.  The  inner  orbit  is  that 
of  Uranus^  the  outer  one  that  of  Neptune.  The  arrowt 
passing  from  the  fomxer  to  the  latter  show  the  directionf 
of  the  attractive  force  of  Neptune.     It  will  be  wen 
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the  two  planets  were  in  conjunction  in  the  year  1822. 
Since  that  time  Uranus  baa,  by  ita  more  rapid  motion, 
passed  more  than  90°  beyond  Neptuiu,  and  will  continue 
to  increase  its  distance  from  the  latter  until  the  begin- 
ning of  the  next  century. 

Our  knowledge  regarding  Neptune  is  mostly  confined 
to  a  few  numbers  representing  the  elements  of  its  motion. 
Its  mean  distance  is  more  than  4,00i>,000,000  kilometree 
(2,775,000,000  miles);  its  jxiriodie  time  is  164-78  years; 
its  apparent  diameter  is  2'-<5  seconds,  corresponding  to  a 
tnie  diameter  of  55,000  kilometres.  Gravity  at  its  surface 
is  about  nine  tenths  of  the  corresponding  lerrcstrial  surface 
gravity.  Of  ita  rotation  and  physical  condition  nothing 
is  known.  Its  color  is  a  pale  gieenish  blue.  It  is  attend- 
ed by  one  satellite,  the  elements  of  whose  orbit  are  given 
herewith.  It  was  discovered  by  Mr.  Lassell,  of  Eng- 
land, in  1S47.  It  is  about  ae  faint  as  the  two  outer  satel- 
lites of  f'ranu«,  and  requires  a  telescope  of  twelve  inches 
aperture  or  upward  to  be  well  seen. 

Ei.KKRKTB  OP  THE  SATBi.i.rrR  ur  Nkptu.^te,  prom  Washtrotoh 
Obsrrvations. 

Me»n  D»lly  Motion 81*-9M79 

Periodic  Timp S'-STeOO 

Distance  (Joji.  6  =1-47814) 16'-275 

Inclinmion  of  Orbit  to  Ecliptic 145'      7' 

Longitude  of  Xode  (1850) 184"    80' 

IiicreuM  In  100  Ywni 1*    84' 


The  great  inclination  of  the  orUt  sbowi  that  It  ta  tnmed  ncwl/ 
upaide  down  ;  the  direction  of  motion  ia  therefore  retrogade. 
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It  is  rcmarkalde  tliat  the  eight  large  planets  of  the  solar 
system,  considered  witli  resiiect  to  their  physical  conBtitn- 
tion  as  revealed  by  the  telescope  and  the  spectroscope, 
may  be  divided  into  four  pairs,  the  planets  of  each  pair 
having  a  great  simihirity,  and  being  quite  different  from 
the  adjoining  pair.  Among  the  most  complete  and  ays- 
tematic  studies  of  the  spei-'tra  of  all  the  planets  are  thofe 
made  by  Mr.  Uuouins,  of  London,  and  Dr.  Vookl,  of 
Berlin.  In  what  we  have  to  say  of  the  results  of  spectn)- 
ecopy,  we  shall  depend  entirely  upon  the  reports  of  the^ 
observers. 

Mercury  and  Venus. — Paesing  outward  from  tlie  Bnn. 
the  lirst  pair  we  encounter  will  be  Mercury  and  Ventu. 
The  liM^t  remarkable  feature  of  these  two  planets  is  a  neg- 
ative rather  than  a  positive  one,  being  the  entire  absence 
of  any  certain  evidence  of  change  on  their  surfaces,  We 
have  already  shown  that  Venus  has  a  considerable  atmos- 
phere, while  there  ia  no  evidence  of  any  sucb  atmoepbcre 
around  Itercury.  They  have  therefore  not  been  prowd 
alike  in  this  respect,  yet,  on  the  other  hand,  they  have  not 
been  proved  different.  In  every  other  respeet  than  thi«, 
the  similarity  appears  perfect.  No  permanent  tnarklnfi 
have  ever  been  certainly  seen  on  the  disk  of  either.  If, 
as  ia  possible,  the  atrnosjihere  of  both  planets  is  filled  with 
clouds   and  vaix)r,  no  change,  no  openings,  and  no  for- 
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mationa  among  these  cloud  inaegee  arc  risible  from  the 
earth.  Whenever  either  of  these  planets  is  in  a  certain 
position  relative  to  the  earth  and  the  sun,  it  seemingly 
presents  the  same  appuunmee,  and  not  the  slightest 
change  occurs  in  that  appearance  from  the  rotation  of  the 
planet  on  its  axis,  which  every  analogy  of  the  solar  sys- 
tem leads  lis  to  believe  must  take  place. 

When  studied  with  the  spectroscope,  the  spectra  of 
Merciirij  and  Vetuis  do  not  differ  strikingly  from  that  of 
the  sun.  This  woiiKl  seem  to  indicate  tlmt  the  atmos- 
pheres of  these  planets  do  not  e.xert  any  decided  absorption 
upon  the  rays  of  light  which  pass  through  them  ;  or,  at 
least,  they  absorb  only  the  sjime  rays  which  are  aljsorbed 
by  the  atmosphere  of  the  sun  and  by  that  of  the  earth. 
The  one  point  of  difference  which  Dr.  Yooel  brings  out 
is,  that  the  lines  of  the  spectrum  priwlucuil  by  the  absorp- 
tion of  our  own  atmosphere  appear  darker  in  the  spectrum 
of  Venus.  If  this  were  so,  it  would  indicate  that  the  at- 
mosphere of  Venui  is  similar  iu  constitution  to  that  of 
our  earth,  because  it  absorhe  the  same  rays.  But  the 
means  of  measuring  the  darkness  of  the  lines  are  as  yet 
eo  imperfect  tliat  it  is  impossiWo  to  speak  with  certainty 
on  a  point  like  this.  Dr.  VooKi-  thinks  that  the  light 
from  Vettua  is  for  the  most  part  reflected  from  clouds  in 
the  higher  region  of  the  planet's  atmosphere,  and  there- 
fore reaches  us  without  passing  through  a  great  depth  of 
that  atujoHphere. 

The  Earth  and  Mars. — These  planets  are  distinguished 
from  all  the  others  in  that  their  visible  surfaces  are  markefl 
by  permanent  features,  which  show  them  to  be  s<ilid,  and 
which  can  be  seen  from  the  other  heavenly  bodies.  It  is 
true  that  we  cannot  study  the  earth  from  any  other  body, 
but  we  can  fonn  a  very  correct  idea  how  it  would  lix>k  if 
seen  in  this  way  (from  the  moou,  for  instance).  Wherever 
the  atmosphere  was  clear,  the  outlines  of  the  continents 
and  oceans  would  be  visible,  while  they  would  be  invialWo 
where  tlie  air  waA  cloudy. 
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Now,  so  far  as  we  can  judge  from  obeervations 
at  so  great  a  distance,  never  much  less  tliau  forty  mil- 
lions of  miles,  the  planet  Mars  presents  to  our  tele- 
scopes very  much  the  same  general  appearance  that  the 
earth  would  if  observed  from  an  equally  great  distaiK-Oi^l 
The  only  exception  is  that  the  visible  surface  of  Mara  is^l 
seemingly  much  less  obscured  by  clouds  thaa  that  of  the 
earth  would  be.  In  other  words,  that  planet  has  a  more 
sunny  sky  than  oum.  It  is,  of  course,  impoesible  to  saj 
what  conditions  we  might  find  could  we  take  a  much 
closer  view  of  Mars :  all  we  cwn  assert  is,  that  so  far  u 
we  can  judge  from  this  ditstancc,  its  surface  is  like  that 
the  earth. 

This  Bupj)osed  similarity  is  strengthened  by  the  speeti 
seopic  observations.  The  lines  of  the  spectrum  due 
aqueous  vapor  in  our  atmosphere  are  found  l>y  Dr.  VooH. 
to  be  so  much  stronger  in  Mara  as  to  indicate  an  absorp- 
tion by  such  vapor  in  its  atmosphere.  Dr.  IlpooiKS  h»d 
previously  made  a  more  decisive  observation,  having 
found  a  well-marke<l  line  to  which  there  is  no  correspond- 
ing strong  line  in  the  solar  spectrum.  This  would  indi- 
cate that  the  atmosphere  of  Mari>  contains  some  clement 
not  fouml  in  our  own,  but  the  observations  are  too  diffi- 
cult to  allow  of  any  well-established  theory  being  w* 
built  upon  them. 

Jupit«r  and  Saturn. — The  next  pair  of  planets  an 
Jupiter  and  Saturn.  Their  peculiai'ity  is  that  no  solid 
crust  or  Burfa<'e  is  viBiblc  from  without.  In  this  reepect 
they  differ  frum  the  earth  and  Mars,  and  resemble  Mer- 
cury and  Yfnus.  Hut  they  differ  from  the  latter  in  the 
very  imjmrtant  point  that  constant  changes  can  be  mmo 
going  on  at  their  surfaces.  The  nature  of  theee  chatuM 
has  been  discussed  so  fully  in  treating  of  those  plancta  in- 
dividually, that  we  need  not  go  into  it  more  fully  at  v^t^^ 
It  is  sufficient  to  say  tliat  the  preponderance  of  ovi- 
denco  is  in  favor  of  the  view  that  these  planets  Itave  no 
Bolid  cmstB  whatever,  but  consist  of  masses  of  moltCB 
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matter,  Burronnded  bj  envelopes  of  vapor  constantly  rising 
from  the  interior. 

The  view  that  the  greater  part  of  the  apparent  volume  of 
these  planets  is  made  of  a  seething  mass  of  vapor  is  further 
strengthened  by  their  very  small  specific  gi~avitv.  This 
can  be  accounted  for  by  supposing  that  the  liquid  interior 
is  nothing  more  tlian  a  comparatively  small  central  core, 
and  that  the  greater  part  of  the  bulk  of  eacli  planet  is 
composed  of  vapor  of  small  density. 

That  the  visible  surfaces  oiJvpiter  unA  Saturn  are  cov- 
ered by  some  kind  of  an  atmosphere  follows  not  only  from 
the  motion  of  the  cloud  forms  seen  there,  but  from  the 
spectroscopic  olwervations  of  lIuG<iiNs  in  1864.  He 
found  visible  ab«>r])tion -bands  near  the  red  end  of  the 
spectrum  of  each  of  these  planets.  Vooel  found  a  com- 
plete similarity  l>etween  the  Rjicctra  of  the  two  planets, 
the  most  marked  feature  being  a  dark  band  in  the  red. 
What  is  worthy  of  remark,  though  not  at  all  surprising,  is 
that  this  band  is  not  found  in  the  spectnun  of  Suturn't 
rings.  This  is  what  we  should  expect,  as  it  is  hardly  pos- 
sible that  these  rings  should  have  any  atmosphere,  owing 
to  their  very  small  mass.  An  atmosphere  on  bodies  of  so 
slight  an  attractive  power  would  ex[)and  away  by  its  own 
elasticity  and  be  all  attracted  around  the  planet. 

Uranus  and  Neptune. — These  planets  have  a  strikingly 
similar  aspect  when  seen  through  a  telescope.  Tliey 
differ  from  Jvpiier  and  Saturn  in  that  no  changes  or  va- 
riations of  color  or  aspect  can  be  made  out  upon  their  sur- 
faces ;  and  from  the  earth  and  Mars  in  the  alisence  of  any 
pennanent  features.  Telescopically,  therefore,  we  might 
classify  them  with  Mercury  and  Venus,  hut  the  spectro- 
scope reveals  a  constitution  entirely  different  from  that  of 
any  other  planets.  The  most  marked  features  of  their 
spectra  are  very  dark  bands,  evidently  produced  by  the 
absorption  of  dense  atmospheres.  Owing  to  the  extreme 
faintness  of  the  light  which  reac.>»'"'  "   -int 

bodies,  the  regular  lines  of  < 
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imasiblo  in  their  spectra,  yet  these  dark  hands  which  ire 
peculiar  to  them  Iiave  been  seen  bj  Ucooins,  Sbochi, 

VoGEL,  and  perhaps  otliers. 

Tliis  classidcation  of  ihe 
eight  planets  into  pairs  is  ren- 
dered yet  more  striking  by 
the  fact  that  it  applies  to 
■wliat  we  have  lieen  able  to 
discover  respecting  the  rota- 
tions of  these  bodies.  The 
rotation  of  the  inner  pair, 
Mercury  and  Ven-ua,  has 
eluded  detection,  notwith- 
standing their  comparative 
proximity  to  us.  '  The  next 
pair,  the  earth  and  Mar*, 
have  perfectly  definite  times 
of  rotation,  because  their 
outer  surfaces  consist  of  sohd 
crusts,  every  part  of  which 
must  rotate  in  the  same  time. 
Tlie  next  pair,  Jupiter  and 
Saturn,  have  well-established 
times  of  rotation,  but  these 
times  are  not  perfectly  deti- 
nite,  because  the  surfaces  uf 
these  planets  are  not  solid, 
and  different  portions  of  their 
mass  may  rotate  in  slightlv 
different  times.  Jupittfr  and 
Saturn  have  also  in  common 
Finally,  the  outer  pair,  I'ra- 
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a  very  rapid  rate  of  rotation. 
Mwjf  and  Neptune,  seem  to  be  surrounded  by  atmospheres  of 
such  density  that  no  evidence  of  rotation  can  lie  gathered. 
Thus  it  seems  that  of  tlic  eight  planets,  only  the  central 
four  have  yet  certainly  indicated  a  rotation  on  their 
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mp:teors. 

%  1.    PHENOMENA  AND  CAUSES  OP  METEOHS. 

DuKiNO  the  present  century,  evidence  has  been  collected 
that  countless  masses  of  matter,  far  too  small  to  be  seen 
with  the  most  powerful  telescopes,  are  moving  through 
the  planetary  spaces.  This  evidence  is  afforded  bv  the 
phenomena  of  "  aerolites,"  "  meteors,"  and  "shooting 
stars."  Although  these  several  phenomena  have  been  ob- 
served and  noted  from  time  to  time  since  the  earliest  his- 
toric era,  it  is  only  recently  that  a  complete  explanation 
has  been  reached. 

Aerolites. — lieports  of  the  falling  of  large  masses  of 
stone  or  iron  to  the  earth  have  been  familiar  to  antiqua- 
rian students  for  many  centuries.  ARA(io lias  collected 
several  hundred  of  these  reports.  In  one  instance  a  monk 
was  killed  by  the  fall  of  one  of  thcso  lH)dies.  One  or  two 
other  eases  of  death  from  this  cause  are  supposed  to  have 
occurred.  Notwithstanding  the  number  of  instances  on 
rcf'ord,  aerolites  fall  at  such  wide  intervals  iis  to  be  ob- 
served by  very  few  j>eople,  consequently  doubt  was  fre- 
quently cast  upon  the  correctness  of  the  narratives.  The 
problem  where  such  a  body  could  come  from,  or  how  it 
could  get  into  the  atmosphere  to  fall  down  again,  formerly 
seemed  so  nearly  incapable  of  solution  that  it  required 
some  credulity  to  admit  the  facts.  ^Vlien  the  evidence 
became  so  strong  as  to  be  indisputable,  theories  of  their 
origin  began  to  be  propounded.     One  theory  quite  fashion- 
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able  in  the  earlj  part  of  tLis  century  was  that  they  were 
thrown  from  volcanoes  in  the  moon.  This  thcorv, 
though  the  subject  of  mathematical  inveetigatiou  hy  L* 
Place  and  others,  is  now  no  longer  thought  of. 

The  proof  that  aerolites  did  reallj  fall  to  the  ground 
first  became  conclusive  by  the  fall  being  connected  with 
other  more  familiar  phenomena.  Nearly  every  one  who 
is  at  all  observant  of  the  heavens  is  familiar  with  boluiet, 
or  fire-balls — brilliant  objects  having  the  appearance  of 
rockets,  which  are  oeeaeionally  seen  moving  with  great  ve- 
locity tlirough  the  upper  regions  of  the  atmosphere. 
Scarcely  a  year  passes  in  which  sucii  a  body  of  extraordi- 
nary brilliancy  is  not  seen.  Generally  these  bodies,  bright 
though  they  may  be,  vanish  without  leaving  any  trace,  or 
making  themselves  evident  to  any  sense  but  that  of  sight. 
But  on  rare  occasions  their  appearance  is  followed  at 
interval  of  several  minutes  by  loud  explosions  like  the  dis- 
charge of  a  buttery  of  artillery.  On  still  rarer  ocaisions, 
masses  of  matter  fall  to  the  ground.  It  is  now  fnll^ 
understood  that  the  fall  of  tliese  aerolites  is  always  ac 
eompimied  by  light  and  sound,  though  the  light  may  bd 
invisible  in  the  daytime. 

When  chemical   analysis  was  applied  to  aerolites, 
were  proved  to  be  of  extramundane  origin,  because  thi 
contained  chemical  coniliinations  not  found  in  terrestrii 
substances.     It  is  true  that  they  contained  no  new^  chcni 
cal  elements,  but  only  combination  of  the  elements  whji 
are  found  on  tlie  earth.     These  combinations  are  now 
familiar  to  mineralogists  tliat  they  can    distinguish    an 
aerolite  from  a  mineral  of  terrestrial  origin   by  a  careful 
examination.     One   of  the  largest  components   of   tlieae 
bodies  is  iron.     Specimens  having  very  much  the  appear 
ance  of  great  masses  of  iron  are  found  in  the  National 
Museum  at  Washington. 

Meteors. — Although  the  meteors  we  have  described 
of  dazzling  brilliancy,   yet  they  run  by  insensible 
tions  into  phenomena,  wliich  any  one  can  see  on  any  oleir 
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night.  Tlie  most  brilliant  meteors  of  all  are  likely  to  be 
Been  by  one  person  only  two  or  three  times  in  his  life. 
Meteors  having  the  appeanmec  and  brightness  of  a  distant 
rocket  may  be  seen  several  times  a  year  by  any  one  in  the 
habit  of  walking  out  during  the  evening  and  watching  the 
8ky.  Smaller  ones  occur  more  frequently  ;  and  if  a  care- 
ful wat«li  be  kept,  it  will  be  found  that  several  of  the 
faintest  class  of  all,  familiarly  known  as  ghooting  stars,  can 
be  seen  on  every  clear  niglit.  Wo  can  draw  no  distinction 
between  the  most  brilliant  meteor  illuminating  the  whole 
sky,  and  perhaps  making  a  noise  like  thunder,  and  the 
faintest  shooting  star,  except  one  of  degree.  There  seems 
to  be  every  gradation  between  these  extremes,  so  that  all 
should  be  traced  to  some  common  cause. 

Cause  of  Ueteora. — There  \a  now  no  doubt  that  all  these 
phenomena  have  a  commnn  origin,  being  due  to  tlie  earth 
encountering  innumerable  small  bodies  in  its  annual  course 
around  the  sun.  The  great  difficulty  in  connecting  mete- 
ors with  these  invisible  bodies  arises  from  the  brilliancy 
and  rapid  disappearance  of  the  meteors.  The  question 
may  bo  asked  why  do  they  barn  with  so  great  an  evolu- 
tion of  hght  on  reaching  our  atmosphere  ?  To  answer  this 
question,  we  must  have  recourse  to  the  mcchanicid  theory 
of  heat.  It  is  now  known  that  heat  is  really  a  vibratory 
motion  in  the  particles  of  solid  bodies  and  a  progressive 
motion  in  those  of  gases.  By  making  this  motion  more 
rapid,  we  make  the  body  wanner.  By  simply  blowing  air 
against  any  combustible  body  with  sufficient  velocity,  it 
can  be  set  on  fire,  and,  if  incombustible,  the  body  will  be 
made  red-hot  and  finally  melted.  Experiments  to  deter- 
mine the  degree  of  temperature  thus  produced  have  been 
made  by  Sir  William  Thomson,  who  finds  that  a  veloci- 
ty of  about  50  metres  per  second  corresponds  to  a  rise  of 
temperature  of  one  degree  Centigrade.  From  this  the 
temperature  due  to  any  velocity  can  Ijc  readily  calculated 
on  the  principle  that  the  increase  of  temperature  is  pro- 
portional to  the  '*  enei^"  of  th"  •"•in 
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is  proportional  to  the  square  of  the  velocity.  Hence  a 
velocity  of  500  metres  per  second  would  correspond  to  a 
rise  of  100°  above  the  actual  temperature  of  the  air,  so 
that  if  the  latter  was  at  the  freezing-point  the  bodj  would 
be  raised  to  the  temperature  of  l>oiIing  water.  A  velocit: 
of  1500  metres  per  second  would  produce  a  red  heat.  Tlifl 
velocity  is,  however,  much  higher  than  any  that  we 
produce  artificially. 

The  cartli   moves   around  the  sun  with   a   velocity 
ahout  30,000  metres  per  second  ;  consequently  if  it  met  i 
body  at  rest  the  concussion  between  the  latter  and  the  at- 
mosphere would  correspond  to  a  temperature  of  more  than 
300,000°.     This  would  instantly  dissolve  any  known  sab- 
stance. 

As  the  theory  of  this  dissipation  of  a  body  by  moving 
with  planetary  velocity  through  the  upper  re^ons  of  our 
air  is  frequently  misunderstood,  it  is  necessary  to  ejcplain 
two  or  three  points  in  coimection  ^rith  it. 

(1.)  It  must  be  remembered  that  when  we  speak  of 
these  enonnous  temperatures,  we  are  to  consider  them  as 
poti;ntial,  not  a^tuai,  temperatures.  We  do  not  me 
that  the  body  is  actually  raised  to  a  temperature  of  300,4 
000°,  but  oidy  that  the  air  acts  upon  it  ai,  if  it  were  db 
into  a  furnace  heatetl  to  this  temperature — that  is,  it 
rapidly  destroyed  by  the  intensity  of  the  heat. 

(2.)  This  potential  temperature  is  independent  of 
density  of  the  medium,  being  the  same  in  the  rarest  as  ii 
tlio  densest  atmosphere.  But  the  actual  effect  on  tb4 
body  is  not  so  great  in  a  rare  as  in  a  dense  atmosphere.! 
Every  one  knows  that  lie  can  hold  his  hand  for  some  time 
in  air  at  the  temperature  of  boiling  water.  The  rarer  th« 
air  the  higher  the  temperature  the  hand  would  bear  wjtliout 
injury.  In  an  atmosphere  as  rare  as  ours  at  the  height  of 
60  miles,  it  is  probable  that  the  hand  could  be  held  for  an 
indefinite  period,  tliough  its  temperature  sliould  be  that 
of  red-hot  iron  ;  lieuce  the  meteor  is  not  consumed  so  rap- 
idly as  if  it  struck  a  dense  atmosphere  >^'ith  planetanr 
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velocity.     In  the  latter  case  it  would  probably  disappear 
like  a  flash  of  lightning. 

(3.)  The  amount  of  heat  evolved  is  measured  not  by  that 
which  would  result  from  the  combustion  of  the  body,  but 
by  the  vis  viva  (energy  of  motion)  whi(;h  the  body  loses  in 
the  atmospliere.  Tlie  student  of  physics  knows  that  mo- 
tion, when  hist,  is  changed  into  a  delintte  amount  of 
heat.  If  we  calculate  the  amount  of  heat  wliich  is  equiv- 
alent to  tlie  energy  of  motion  of  a  pebble  having  a  veloc- 
ity of  20  miles  a  second,  wo  sliall  find  it  sufficient  to  raise 
a)<out  1300  times  the  pebble's  weight  of  water  from  tlie 
freezing  to  the  boiling  point.  This  is  many  times  as  much 
heat  as  could  result  from  burning  even  the  most  combusti- 
ble body. 

(4.)  The  detonation  which  sometimes  accompanies  the 
passage  of  very-  brilliant  meteors  is  not  caused  by  an  ex- 
plosion of  the  meteor,  but  by  the  concussion  produced  by 
its  rapid  motion  through  the  atmosphere.  This  concus- 
Bion  is  of  much  the  same  nature  as  that  produce<l  by  a 
flash  of  lightning.  Tlie  uir  is  suddenly  condensed  in  front 
of  the  meteor,  while  u  vacuum  is  left  l>ehind  it. 
-  The  invisible  bodies  which  produce  meteors  in  the  way 
just  destrribed  have  been  called  nwUoroii/n.  Meteoric 
phenotnena  depend  very  largely  upon  the  nature  of  the 
meteoroids,  and  the  direction  and  vcloc-ity  with  which 
they  are  moving  relatively  to  the  earth.  With  very  rare 
exceptions,  they  are  so  small  and  fusible  as  to  be  entirely 
dissipated  in  the  upper  regions  of  the  atmosphere.  Even 
of  those  £0  hard  and  solid  as  to  produce  a  brilliant  light 
and  the  loudest  detonation,  only  a  small  proportion  reacli 
the  earth.  It  has  sometimes  happened  that  the  meteoroid 
only  grazes  the  atmosphere,  passing  horizontally  through 
its  higher  strata  for  a  great  distance  and  continuing  its 
course  after  leaving  it.  On  rare  occasions  the  body  is  so 
hard  luid  massive  as  to  reach  the  earth  without  being  en- 
tirely conmunod.  Tlie  pf>tential  heat  pnnluced  by  its 
liassage  through  the  atmosphere  is  then  all  expended  in 
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melting  and  destroying  its  outer  layers,  the  inner  nucleos 
reinaiuiiifi;  unclianged.  When  such  a  body  first  6trike« 
the  denser  portion  of  the  atmosphere,  the  resistance  be- 
comes so  great  that  the  body  is  generally  liroken  to  pieces. 
Hence  we  very  often  find  not  simply  a  single  oeroUte, 
but  a  small  sliowerof  them. 

Heights  of  Meteors. — Many  observations  have  been 
made  to  determine  the  height  at  wliich  meteors  are  seea. 
This  is  effected  by  two  observers  stationing  themselves 
several  miles  apart  and  mapping  out  the  courses  of  such 
meteors  as  they  can  observe.  In  order  to  be  sure  that  the 
same  meteor  is  seen  from  both  stations,  the  time  of  each 
observation  must  he  noted.  In  the  case  of  very  brilliant 
meteors,  the  path  is  often  determined  with  considerable 
precision  by  the  direction  in  which  it  is  seen  by  accidental 
oljservers  in  various  regions  of  the  country  over  which  it 
passes. 

The  general  result  from  numerous  observations  and  in- 
vestigations of  this  kind  is  that  the  meteors  and  shooting 
stars  commonly  commence  to  be  visible  at  a  heitrht  of 
about  lOO  kilometres,  or  TOO  statute  miles.  The  separate 
results  of  courTie  vary  widely,  hut  this  is  a  rough  mean  of 
them.  They  are  generally  dissipated  at  about  half  this 
height,  and  therefore  above  the  highest  atmosphere  which 
reflects  the  rays  of  the  sun.  From  this  it  may  he  inferred 
that  the  earth's  atmosphere  rises  to  a  height  of  at  least 
16(1  kilometres.  This  is  a  much  greater  height  than  it  WW 
formerly  supposed  to  have. 


§  2.    METEORIC  SHOWEBS. 

As  already  stated ,  tl  le  phenomena  of  shooting  stars  may 
be  seen  by  a  careful  observer  on  almost  any  clear  night. 
In  general,  not  more  than  three  or  four  of  them  will  bo 
seen  in  an  hour,  and  these  will  be  so  minute  as  hardly  to 
attract  notice.  But  they  sometimes  fall  in  such  nutnbere 
as  to  present  the  appearance  of  a  meteoric  shower.      Oa 
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rare  oecaeionB  the  shower  has  been  so  striking  as  to  fill  the 
beholders  with  terror.  The  ancient  and  mediteval  records 
contain  many  accounts  of  thcj>c  phenomena  which  have 
been  brought  to  light  through  the  researches  of  antiqua- 
rians. The  following  is  quoted  by  Professor  Newton 
from  an  Arabic  record  : 

"  In  the  year  509,  on  the  last  day  of  Moharrem,  stars  shot  hither 
and  thither,  nnd  flew  against  ench  otiicr  like  ii  Bwann  of  locusts  ; 
this  phenomena  laMted  until  daybreak  ;  people  were  thrown  into 
consternation,  and  made  Bupplication  to  the  Most  High  :  there  was 
never  the  like  seen  except  on  the  coming  of  the  messenger  of  God, 
on  whom  be  benediction  and  peace." 

It  hae  long  been  known  that  some  showers  of  this  class 
occur  at  an  interval  of  about  a  third  of  a  century.  One 
was  observed  by  IIiimbolut,  on  the  Andes,  on  the  night 
of  November  12tli,  1799,  lasting  from  two  o'clock  until 
dayiiglit.  A  great  ghower  was  seen  m  this  country  in 
1833,  and  is  well  known  to  have  struck  the  negroes  of  the 
Southern  States  with  terror.  The  theory  that  the  show- 
ers occur  at  intervals  of  34  years  was  now  propoimded  by 
Olbeiw,  who  predicted  a  return  of  the  shower  in  1867. 
This  prediction  was  completely  fulfilled,  but  instead  of  ap- 
pearing in  tlie  year  18^7  only,  it  was  first  noticed  in  18t)6. 
On  tlie  night  of  November  13th  of  that  year  a  remarkable 
shower  wa«  seen  in  Europe,  wliile  on  the  corresponding 
night  of  the  year  following  it  Wiis  again  seen  in  this  coun- 
try, and,  in  fact,  was  repeated  for  two  or  three  years,  grad- 
ually dying  away. 

The  occurrence  of  a  shower  of  meteors  evidently  shows 
that  the  earth  encounters  a  swann  of  meteoroids.  The 
recurrence  at  the  same  time  of  the  year,  when  the  earth 
is  in  the  same  point  of  its  orbit,  shows  that  the  eartli 
meets  the  swarm  at  the  same  point  in  successive  years. 
All  the  meteoroids  of  the  swartii  must  of  course  be  moving 
in  the  same  direction,  else  tliey  would  soon  be  widely  scat- 
tered. This  motion  is  connected  with  the  radiant  jwint, 
a  well-marked  feature  of  a  meteoric  shower. 


FlO.    100.— RADIAXT  rOIST  OK   METEOKIC    SHOWER. 

latter  is,  therefore,  called  the  radiant  point.  In  the  fipure  the  lines 
do  not  nil  JWS8  Accurately  through  the  sftme  point.  This  is  owing 
to  the  unavoidnblc  errors  made  in  mttrking  out  the  path. 

It  is  found  that  the  mdiant  point  is  always  in  the  same  position 
among  the  stars,  wherevtr  the  observer  may  be  situated,  and  that 
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it  dots  not  partake  of  the  diurnal  motion  of  the  earth — that  is,  aa 
the  stars  apparently  move  toward  the  west,  the  radiant  point  moves 
with  them. 

Tlie  radiant  point  is  due  to  the  fact  that  the  meteoroids  which 
strike  the  earth  during  a  shower  are  all  moving  in  the  same  direc- 
tion. If  we  suppose  the  earth  to  be  at  rest,  and  the  actual  motion 
of  the  meteoroids  to  be  comp<iun<led  witli  an  imaginary  motion 
equal  and  opposite  to  that  of  the  earth,  the  motion  uf  these  imng- 
iniiry  bodies  will  be  the  same  as  the  actual  relative  motion  of  the 
meteoroids  seen  from  the  earth.  These  relative  motions  will  all  be 
parallel  ;  hence  whua  the  bodies  strike  our  atmosphere  the  paths 
described  by  them  in  their  passage  will  all  be  parallel  straight 
lines.  Now,  by  the  principles  of  geometry  of  the  sphere,  a  straight 
line  seen  by  an  observer  at  any  point  is  projected  as  n  great  circle 
of  the  celestial  sphere,  of  which  the  observer  supposes  himself  to  be 
the  centre.  If  we  draw  a  line  from  the  observer  purallel  to  the 
paths  of  the  meteors,  the  direction  of  that  line  will  indicate  a  point 
of  the  sphere  (hrottgh  which  all  the  paths  will  seem  to  pass  ;  this 
will,  therefore,  be  the  radiant  point  in  a  meteoric  shower. 

A  slightly  different  conception  of  the  problem  may  be  formed 
by  conceiving  the  plane  ]uissing  through  the  observer  and  contain- 
ing the  path  of  the  meteor.  It  is  evident  that  the  different  planes 
formed  by  the  parallel  meteor  paths  will  all  intersect  each  other  in 
a  line  drawn  from  the  observer  parallel  to  this  path.  This  line 
will  then  intersect  the  celestial  splure  in  the  radiant  point. 

Orbits  of  Meteoric  Showers From  what  has  just  been  said, 

it  will  be  seen  that  the  j)osition  of  the  radiant  point  indicates  the 
direction  in  which  the  meteoroids  move  relatively  to  the  earth.  If 
we  also  knew  the  velocity  with  which  they  are  really  moving  in 
space,  we  could  make  allowance  for  the  motion  of  the  earth,  and 
thus  determine  the  direction  of  their  actual  motion  in  space.  It 
will  be  remembered  that,  as  just  explained,  the  apparent  or  rela- 
tive motion  is  made  up  of  two  components — the  one  the  actual 
motion  of  the  body,  the  other  the  motion  of  the  earth  taken  in  an 
opposite  direction.  Wo  know  the  second  of  these  com|X)nents 
already  ;  and  if  we  know  the  velocity  relative  to  the  earth  and  the 
direction  as  given  by  the  radiant  point,  we  have  given  the  resultant 
and  one  comi>onent  in  magnitude  and  direction.  The  computation 
of  the  other  component  is  one  of  the  simplest  problems  in  kine- 
matics. Thus  we  shall  have  the  actual  direction  and  velocity  of 
the  meteoric  swarm  in  space.  Having  this  direction  and  velocity, 
the  orbit  of  the  swarm  around  the  sun  admits  of  being  calculated. 

Relations  of  Meteors  and  Comets. — The  velocity  of  the 
meteoroids  does  not  admit  of  being  determined  from  ob- 
8er\'ation.  One  element  neceesary  for  determining  the 
orbits  of  these  bo<lie«  is,  therefore,  wantutg.  In  the  case 
of  the  showers  of  1799,  1833,  and  18t?rt,  commonly  called 
the  November  showers,  this  element  is  given  by  the  time 
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of  revolntion  around  the  sun.  Since  the  showers  occur  at 
intervals  of  about  a  third  of  a  century,  it  is  highly  prob- 
able this  is  the  periodic  time  of  the  Bwarm  around  the  gun. 
The  periodic  time  being  known,  the  velocity  at  any  dis- 
tance from  the  sun  admits  of  calculation  from  the  theory 
of  gravitation.  Thus  we  have  all  the  data  for  determining 
the  real  orbits  of  the  group  of  meteors  around  the  snn. 
The  calculations  necessary  for  this  purpose  were  made 
by  T>E  Verkiee  and  other  astronoiners  shortly  after  tbf 
great  sliower  of  1866.  The  following  was  the  orbit  m 
given  by  Le  Verkier  ; 

Period  of  revolution 33-25  Tears. 

Eccentriiity  of  orbit 0-9O44. 

Least  diHtanct!  from  tho  sun 0-9890. 

IticlinHtioa  of  orbit 165'  19'. 

Longitude  of  the  node 51°  18'. 

Position  of  the  perihelion   (near  the  node). 

The  publication  of  this  orbit  brought  to  the  attentioo 
of  the  world  an  extraordinary  coincidence  whicli  had 
never  before  been  suspected.  In  December,  1865,  a 
faint  telescopic  comet  waa  discovered  Ijy  Temi'ei,  at  Mar- 
seilles, and  afterward  by  11.  P.  Tuttle  at  the  Naval 
Observatory,  Washington.  Its  orbit  W!«  calculated  br 
Dr.  OiToLzicR,  of  Vienna,  and  his  results  were  finally  nob- 
listed  on  January  28th,  18()7,  in  the  Adronoiniiicha  JVa^ 
richten  ;  they  were  as  follows  : 

Period  of  revolution 33-18  yean. 

Eccentricity  of  orbit  0-9054. 

Least  distance  from  the  sun 0  -  9765. 

Inclination  of  orbit 162'  42'. 

Longitude  of  the  node 51°  26'. 

Longitude  of  the  perihelion 43°  84'. 

The  publication  of  the  cometary  orbit  and  that  of  the 
orbit  of  the  meteoric  group  were  made  independently  with- 
in a  few  days  of  each  other  by  two  astronomers,  neither 
of  whom  had  any  knowledge  of  the  work  of  the  other. 
Comparing  them,  the  result  is  evident.  TTte  noarms  (^ 
mAeoroids  which  cause  thu  November  sliower*  moot  an 
th^  tame  orbit  with  Tempel's  cornet. 
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Temtf.i/s  comet  passed  its  perihelion  in  January, 
1866.  The  most  striking  meteoric  shower  coinuietifud 
in  the  following  November,  and  was  repeated  during 
several  years.  It  seems,  therefore,  that  the  ineteoroids 
whieh  produce  these  showers  follow  after  Temi-kl's  comet, 
riKJving  in  the  saiae  orhit  with  it.  This  shows  a  curious 
relation  between  comets  and  meteors,  of  whicli  we  sball 
6j)eak  more  fully  in  the  ne,\t  chapter.  When  this  fact 
was  brought  out,  the  question  naturally  arose  whether  the 
same  thing  niiglit  not  be  true  of  other  meteoric  showers. 

Other  Sbowera  of  Meteors- — Although  the  November 
shuwcrs  are  the  oidy  ones  so  brilliant  as  to  strike  the  ordi- 
nary eye,  it  has  long  been  known  that  there  are  other 
nights  of  the  year  in  which  more  shooting  stars  than  usual 
are  seen,  and  in  wliieb  the  large  majority  radiate  from  one 
point  of  the  heavens.  This  sliows  conclusively  that  they 
arise  from  swarms  of  meteoroids  moving  together  around 
tlie  sun. 

August  Meteors. — The  best  marked  of  these  minor 
showers  wcurs  about  August  Oth  or  loth  of  each  year. 
The  radiant  [)oint  is  in  the  constellation  /\rM,u.s.  By 
watching  the  eastern  heavens  toward  niiduiglit  on  the  9th 
or  loth  of  August  of  any  year,  it  will  be  seen  that  numer- 
ous meteors  move  from  north-east  toward  south-west,  liav 
irig  often  the  distinctive  characteristic  of  leaving  a  trail 
behind,  which,  however,  vanishes  in  a  few  moments.  As- 
suming their  orbit*  to  \>e  paraltolic,  the  elements  were  cal- 
culated by  SeniACARKLti,  of  Milan,  luid,  on  tMjmparing  with 
the  orbits  of  ol>8erved  comet*,  it  was  found  that  these 
meteoroids  moved  in  nearly  the  same  orbit  as  the  second 
comet  of  18U2.  The  e.xact  period  of  this  comet  is  not 
known,  although  the  orbit  is  certainly  elliptic.  Accord- 
ing to  the  l>est  <ydcuhition,  it  is  124  yeaiv,  but  for  reasons 
given  in  the  next  chapter,  it  may  be  uncertain  by  ten 
years  or  more. 

Tlicrp  ig  one  remarkable  diflfercnce  between  the  August  and  th«^ 
Kovember  meteors.     The  latter,  aa  we  have  aeen,  appear  for  tw»| 
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or  three  consecutive  yearn,  and  then  are  not  seen  a^in  until  i 

thirty  years  havi5  eliipsed.  But  the  August  meteors  are  seen  i 
year.  Tliis  sliows  that  the  stream  of  Au^^ist  mi-tooroids  is  end 
every  part  of  iUv  orhit  being  occupied  l>y  them,  while  in  the 
of  the  November  ones  they  arc  jcatliered  into  a  group. 

We  msiy  cmieludc  from  this  that  the  November  ineteoroid<  har* 
not  been  permanent  tnembt-rs  of  our  syatem.  It  is  beyond  all  prob- 
ability tlint  a  fjroup  comprising  countless  millions  of  such  bodJM 
should  all  Iw^c  the  same  lime  of  revolution.  Even  if  they  had  tbe 
same  time  in  the  bi'giiminf^,  the  different  actions  of  the  planets  oa 
different  jmrts  of  the  group  would  make  the  times  different.  The 
result  would  be  that,  in  the  course  of  ages,  those  which  had  the 
most  rapid  motion  would  go  further  and  further  ahead  of  th< 
others  until  they  got  half  a  revolution  ahead  of  them,  and  wooid 
limdly  overtake  those  having  the  slowest  motion.  The  swiftest  awl 
slowest  one  would  then  be  iii  the  position  of  two  race-hurses  running 
around  a  circular  track  for  so  long  a  time  tlmt  the  swiftest  borw 
has  made  a  complete  run  more  than  the  slowest  one  and  has  over- 
taken Iiim  from  behind.  When  this  happens,  the  meteoroids  will 
be  scattered  all  around  the  orbit,  and  we  shall  have  a  shower  in 
November  of  every  year.  The  fact  that  has  not  yet  happened  shown 
that  they  have  been  revolving  for  only  a  limited  leuj^b  of  lime, 
probibly  only  a  very  few  thousand  years. 

Although  the  tntnl  muss  of  these  bodies  is  very  small  jet  their 
number  is  beyond  all  estimsition.  Professor  Newton  haa  estinialcd 
that,  taking  the  whole  eartli,  about  seven  million  shooting  Stan  are 
encountered  every  twenty-four  hours.  This  would  make  betwtcn 
two  and  three  thousand  million  meteoroids  which  are  thus,  as  iJ 
were,  destroyed  every  year.  Hut  tlie  number  which  the  earth  can 
encounter  in  a  year  is  oidy  an  insignificant  fraction  of  the  total 
number,  even  in  tlie  solar  system.  It  may  be  interesting-  to  calculate 
the  ratio  of  the  space  swept  over  by  the  earth  in  the  course  of  a  year 
to  the  volume  of  the  sphere  surrounding  the  sun  and  extending' ont 
to  the  orbit  of  Xi/ilntii;.  We  shall  find  this  ratio  to  be  onlv  as  one 
to  about  three  millions  of  millions.  If  we  measure  by  the  number 
of  meteoroids  in  a  cubic  mile,  we  might  consider  them  very  IhinW 
scattered.  There  is,  in  fact,  only  a  single  meteor  to  several  millioo 
cubic  kilometres  of  space  in  the  heavens.  Yet  the  total  number 
is  immensely  great,  because  a  globe  including  the  orbit  of  JVeptun* 
would  contain  millions  of  niillions  of  millions  of  millions  of  cubic 
kilometres.*  If  we  reflect,  in  addition,  that  the  meteoroids  probably 

♦The  computations  leading  to  this  result  may  be  made  in  the  fol- 
lowing manner: 

I.    Ihjiiitl  t/u:  cii/iinil  njHi'V  mrept  lhro\igh  by  the  earth  in   the  tvurm  tf 
It  ytar.     If  we  put  n-  for  thi'  ratio  of  the  circumlereur-e  of  u  ri-vi^  .     :^ 
diameter,  and  f>  for  die  radius  of  the  earth,  the  surface  of  a  pi 
of  the  earth  (lassing  through  its  centre  will  be  ir  p'.     Multip 
by  ihe  circumfereuce  of  the  earth's  orbit,  we  shall  have  ihi' 
quired,  which  we   readily   find   to  l)e  more  than  3().0<X)  ti;.  ,f 

millions  of  kilometres.     Since,   in  sweeping  tlirougli  this  *pa«;»i    the 
earth  encounters  about  ^(M>  millions  of  meteoruicC*,  it  follows  thai 
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weigh  but  a  few  grains  eoch,  we  sb&Usee  how  it  ia  that  they  ore  en- 
tirely invisible  even  with  jxjwerful  telescopes. 

The  Zodiacal  Light. — If  we  observe  the  western  sky 
during  tlie  winter  or  spring  inontlis,  about  tlie  einl  ««f  the 
evening  twiligiit,  we  shiill  seu  a  Ktreani  of  faint  light,  a 
little  liku  the  Milky  Way,  rising  obliquely  from  tlie  west, 
and  directed  along  the  ecliptic  toward  a  point  nonth-west 
from  the  zeuitli.  This  is  called  tlio  zixllttrul  liijht.  It 
may  also  be  seen  in  the  east  before  daylight  in  the  morn- 
ing during  the  autumn  niontlis,  and  has  sonietinu's  been 
traced  all  the  way  acrosti  the  heavens.  Its  origin  it;  still 
involved  in  obscurity,  but  it  seems  probable  that  it  arises 
from  an  extremely  thin  cloud  cither  of  meteoroids  or  of 
senii-gaseouB  matter  like  that  comjwsing  the  tail  of  a 
comet,  spread  all  around  the  sun  inside  the  earth's  orbit. 
The  researches  of  Professor  A.  W.  Wkhjiit  show  that  its 
Bj)ectri]in  is  probably  that  of  reflected  suidight,  a  result 
which  gives  color  to  the  theory  that  it  arises  from  a  cloud 
of  meteoroids  revolving  round  the  sun. 

thfrc  is  only  one  meleoroid  to  uuru  thiiu  ten  millions  of  cubic  kil- 
ometres. 

II.  To  find  the  ratio  of  the  njihrrr  of  rpiiee  trithin  the  (rr/iil  of  Neptune  to 
the  ipaee meept  throuf/h  hy  the  mrlh  in  a  year.  Let  us  put  r  for  the  dis- 
tance of  the  eiirth  from  the  sun.  Then  the  distjince  of  Neptune  mny 
Ik-  tak<in  iis  90  r,  ami  this  will  lie  the  mdius  of  the  sphere.  The  cir- 
cumference of  thf  earth's  orbit  will  tlian  lie  3  t  r,  nnti  the  apace  swept 
over  will  be  3  IT*  Tfi'.     The  sphere  uf  ytptuiie  will  be 

J  IT  SO"  r"  =  30.000  «■  r",  nearly. 

The  ratio  of  the  two  spacea  will  be 


18.000  >^ 


=  0.000  —^,  nearly. 


The  ratio  —    is  morn  than  33.000,  ahowin);  the  required  ratio   to  b« 

P 
aboDt  three  millions  of  miUioos.     The  total  nnmber  of  scattered  mete* 
oroide  is  therefore  to  be  reckoned  by  millions  of  uiilllona  of  millioua. 


CHAPTER    XIII. 

COMETS. 
§  1.    ASPECT  OP  COMETS. 

Comets  are  distiiigiiislieJ  from  the  planets  botli  by  their 
aspects  ani]  their  motions.  They  come  into  view  without 
uiiything  to  lierald  their  approach,  continue  in  sight  for  a 
few  weeks  or  moiitks,  and  tlieu  gradually  vanish  in  the 
distance.  They  are  commonly  considered  as  coni]xi8ed  of 
three  parts,  tlie  niK'h'UM,  tlio  niriui  ^or  hair),  an<l  the  t4iU. 

The  uuL'leiis  of  a  comet  is,  to  the  naked  eye,  a  point  of 
light  resembling  a  star  or  planet.  Viewed  in  a  telescope, 
it  generally  h:w  a  stnall  ilisk,  hut  sliades  off  so  ^^nulnally 
that  it  is  difticult  to  estimate  its  magnitude.  In  Urge 
comets,  it  is  wimetiines  several  hundred  miles  ia  diameter, 
but  never  approaches  the  size  of  one  of  the  larger  planets. 

The  nucleus  is  always  surrounded  by  a  mass  of  foggy 
light,  which  ia  called  tho  coma.  To  the  naked  eye,  the 
nucleus  and  coma  together  look  like  a  star  seen  tliroogh 
mass  of  thin  fog,  which  surrounds  it  with  a  sort  of 
Tho  coma  is  Ijrighteat  near  the  nucleus,  so  that  it  is  hardly 
possible  to  toll  where  the  nucleus  ends  and  whore  tl 
coma  begins.  It  sliades  off  in  every  direction  6(>  gnidoaltl 
tliat  no  definite  boundaries  can  be  fixed  to  it.  The 
nucleus  and  coma  together  are  generally  called  the 
of  the  oomot. 

The  tall  uf  the  comet  is  simply  a  continnation  of  the 
coma  extending  out  to  a  great  distance,  and  always  di- 
rected away  from  the  sun.  It  lias  the  appcarauco  of  a 
Btrcam  of  milky  light,  which  grows  fainter  and  broader 


A8PSCT  OF  COMETS.  38d 

as  it  rocedcfl  from  tlie  head.  Like  tin?  coma,  it  shades  off 
so  gradiiiilly  that  it  is  iriiposfiilik;  to  lix  any  iKjiiiidariee  to 
it.  The  length  of  \\w  (ait  varies  from  2°  or  3°  to  90°  or 
tiiorc.  (teticrally  till-  Jiiort'  hrilliaiit  the  head  of  tlie  comet, 
the  luiigeraiid  liri^literis  the  tail.  It  isaUo  often  i>righter 
and  more  sharply  defined  at  ono  edge  than  at  tlie  other. 

Tlie  ahovo  description  ajiplion  to  coinetA  wjiieh  can  bo 
pliunly  seen  l)y  the  ualced  eye.  After  aRtronomers  hegjm 
to  sweep  the  heavens  carefully  with  telescopes,  it  was 
fonnd  that  many  comets  came  into  sight  which  would 
entirely  ejit^ape  the  unaided  vision.  These  are  called  /<'/- 
e«coj>ic  comeUi.  Sometimes  six  or  more  of  such  comets  are 
discovered  in  a  single  year,  while  one  of  the  brighter  class 
may  not  be  seen  for  ten  years  or  more. 


Flu.  101, — TELESCOPIC  COMET  Wmi-      Ro,  103. — TELESCOPIC  COMET 
OCT  A  MDCUtUS.  WrrH  ▲  NUOUCCfl. 

When  comets  are  studied  with  a  telescope,  it  is  found 
that  they  are  subject  to  extraordinary  changes  of  structxire. 
To  understand  these  changes,  we  must  begin  by  saying  that 
comets  do  not,  like  the  planets,  revolve  around  the  sun  in 
nearly  circular  orbits,  but  always  in  orbits  so  elongated 
that  the  comet  is  visible  in  only  a  very  small  part  of  its 
course.  When  ono  of  these  objects  is  first  seen,  it  is  gen- 
endly  approaching  the  sun  from  the  celestial  spaces. 
At  this  time  it  is  nearly  always  devoid  of  a  tail,  and  Bomo- 
times  of  a  nucleus.  ])re«enting  the  aspect  of  a  thin  patch 
of  cloudy  light,  which  may  or  may  not  Lave  a  nucleus  in 
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its  centre.  As  it  approaclies  the  stin,  it  is  gfnerallj  seen 
to  grow  brighter  at  some  one  point,  and  there  a  nudeot 
griidually  forms,  being,  at  first,  so  faint  tliat  it  can  sraroelj 
be  distiiigiiislied  from  the  surrounding  nebnloeitv.  The 
latter  is  generally  more  extended  in  tlic  tlireetion  of  the 
sun,  thus  sometimes  giving  rise  to  the  erroneous  impn.«- 
sion  of  a  tail  turned  toward  the  sun.  Continuing  tlie 
watch,  the  true  tail,  if  formed  at  all,  is  found  to  liegiu 
very  gradually.  At  first  so  small  and  faint  as  to  be  almost 
invisible,  it  grows  longer  and  brighter  every  day,  as  long 
as  the  comet  continues  to  approach  the  sun. 


§  2.    THE  VAPOROUS  EfHTELOPES. 

If  a  comet  is  very  small,  it  may  undergo  no  changes  ol 
aspect,  except  those  just  described.  If  it  is  an  unnsuallr 
bright  one,  the  next  object  noticed  l)y  telescopic  exaniiiu- 
tiori  will  lie  a  bow  Kurrounding  the  nucleus  on  the  side 
toward  the  sun.  This  bow  will  gradually  rise  up  uid 
spread  out  on  all  sides,  finally  assuming  the  fonn  of  » 
semicircle  having  flie  nncleus  in  its  centre,  or,  to  flnak 
with  more  precision,  the  form  of  a  paruliola  having  the 
nucleus  near  its  focus.  The  two  ends  of  this  jNuraboh 
•will  extend  out  further  and  further  so  as  to  form  a  part 
of  the  tail,  and  finally  be  lost  in  it.  Continuing  the 
watch,  other  bows  will  be  found  to  form  around  the  noJ 
cleus,  all  slowly  rising  froui  it  like  clouds  of  vapor. 
These  distinct  vaporous  masses  are  called  the  entMlopei: 
they  shade  off  graduully  into  the  coma  so  as  to  be  with 
difficulty  distinguished  from  it,  and  indeed  may  be  con- 
sidered as  part  of  it.  The  inner  envelope  is  sometimes 
connected  with  the  nucleus  by  one  or  more  fan -shaped 
appendages,  the  centre  of  the  fan  being  in  the  nucleof, 
and  the  envelope  forming  its  round  edge.  This  appear-, 
ance  is  apparently  caused  by  masses  of  vapor  str 
up  from  that  side  of  the  nucleus  nearest  the  sun,  and 
tuilly  spreading  around  the  comet    on  each  side. 
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form  of  a  how  is  not  tlie  rciil  form  of  the  envelopes,  but 
only  tliu  apparent  one  in  wliich  we  see  them  projected 
against  tlie  haekgrouiid  of  the  sky.  Their  tnie  form  is 
similar  to  that  of  a  paraboloid  of  revolution,  surrounding 
the  nucleus  on  all  sides,  except  that  turned  from  the  sun. 
It  is,  therefore,  a  surface  and  not  a  line.  Perhaps  its  form 
can  he  Inist  imagined  by  supposing  the  sun  to  be  directly 
alKJve  the  comet,  and  a  fount^iin.  throwing  a  litpiid  hori- 
zontally on  all  sides,  to  be  built  upon  that  part  of  the 
comet  which  is  uppermost.  Such  a  fountain  would  tlirow 
its  water  in  the  form  of  a  sheet,  falling  on  alt  sides  of  tlie 
cometic  nucleus,  but  not  touching  it.  Two  or  three  vapor 
surfaces  of  tills  kind  are  sometimes  seen  aroun<l  the  c<jmet, 
the  outer  one  enclosing  each  of  the  inner  ones,  but  no  two 
touching  each  other. 


FlO.  103.— FOKMATION   OP  EN^'EI.OPES. 

To  jfive  a  clear  conception  of  the  fomistion  and  motion  of  the 
envelopes,  wc  present  two  figisrcB.  The  first  of  these  shows  the  ap- 
pearance of  the  envelopes  in  four  successive  stages  of  their  course, 
and  mav  be  regarded  as  sections  of  the  real  umbrella-shaped  sur- 
faces which  they  form.  Id  all  these  figures,  the  sun  is  supposed  to 
be  above  the  comet  in  the  figure,  and  the  tail  of  the  comet  to  be 
directed  downward.  In  a  the  sheet  of  vapor  has  just  begun  to 
rise.  In  b  it  is  risen  and  expanded  yet  further.  In  e  it  has  begun 
to  move  away  and  pass  around  the  comet  on  all  sides.  Finally, 
in  d  this  last  motion  has  gone  so  far  that  the  higher  portions 
have  nearly  disappeared,  the  larger  part  of  the  matter  having 
moved  away  toward  the  tail.  Before  the  stage  e  is  reached,  a 
second  envelope  will  commonly  begin  to  rise  as  at  a,  so  that  two 
or  three  may  be  visible  at  the  same  time,  enclosed  within  each 
other. 

In  the  next  figure  the  actual  motion  of  the  mttUt  compot> 
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ing  the  cDvelopefl  is  shown  bv  the  courses  of  the  noTcrsI  dotted 
lines.  This  motion,  it  will  be  seen,  is  not  very  unlikr  that  nl 
vvHttT  thrown  up  fronj  ii  fountain  on  the  part  ot  thr  nucleie 
ncnre^it  tlic  snu  and  tlicn  falling  <lown  on  all  sides.  The  |ioint  ia 
which  the  motion  of  the  cometic  matter  differs  from  that  of  lb< 
foiiiitniii  is  that,  instead  of  being  thrown  in  contiuiious  streatiu 
the  action  is  intermittent,  the  fountain  throwing-  up  sucresnie 
gheetii  of  matter  instead  of  continuous  streoms. 

Prom  the  gradual  expansion  of  these  envelopes  antunii  the  heal 
of  the  comet  and  the  continual  fonnatioa  of  new  oue8  in  the  \m- 
mcdiate  neighborhood  of  the  nucleus,  they  would  seem  to  be  du* 
to  a  process  of  evaporation  going  on  from  the  surface  of  llie  Utttr. 
Kach  layer  of  vapor  thus  formed  rises  up  and  spreatia  out  cod 
tiniially  until  the  part  next  the  sun  attains  i)  certain  maximum 
height.  Then  it  gradually  moves  away  from  the  .sun,  keeping  it» 
distance  from  tlic  comet,  at  lea-st  until  it  passes  the  latter  on  evcrj 
side,  unci  continues  onward  to  form  the  tail. 


eooMrt  of 
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These  phenomena  were  fully  observed  in  the    gre«t 

185S,  the  observations  of  which  were  carefully  collected  brtkt 
late  Professor  Bond,  of  Cambridge.  The  envelopes  of  this  oooMt 
were  first  noticed  on  September  20th,  when  the  outer  one  «rM  W 
above  the  nucleus  and  the  inner  one  3".  The  outer  uno  dii»|>- 
pcared  on  September  aoth  at  a  height  of  about  1'.  In  the  niMn 
while,  however,  a  third  had  appeared,  the  second  having;  eniduAl 
expuniled  so  as  to  take  the  place  of  the  first.  Seven  xurce?-^;, 
envelopes  in  all  were  seen  to  rise  from  this  comet,  the  li  , 

mencing  on  October  30th,  when  all  the  others  hud  beei;  ,; 

The  rate  at  which  the  envelopes  a.sccnded  was  generally  f roui  oO  to 
SO  kilometrcji  per  hour,  the  ordinary  speed  of  a  railwuy-tniin. 

The  first  one  rose  to  a  height  of  about  30,000  kilomctroa,  hoi  U 
waa  finally  dissijwted.  But  the  successive  ones  digap])«are<l  at  ■ 
lower  and  lower  elevation,  the  sixth  being  lost  sight  of  at  «  briiriit 
of  about  10,000  kilometres.  * 


OF  COMETS. 


393 


In  the  great  comet  of  1801,  eleven  envelopes  were  seen  between 
July  2d,  when  portions  of  three  were  in  sight,  nnd  the  19th  of 
the  same  month,  a  new  one  rising  at  regular  intervals  of  every  sec- 
ond day.  Their  evolution  and  dissipation  were  accomplished  with 
much  greater  rapidity  than  in  the  ciwc  of  the  great  comet  of  1858, 
an  envelope  requiring  hut  two  or  three  days  instead  of  two  or  three 
weeks  to  pass  through  all  its  phases. 


§  3.    THE  PHYSIC Ali  COrTSTITtlTION  OF  COMETS. 


To  tell  oxiK'tiv  what  a  o()rnft  is;,  wc  should  lie  ahlc  to 
show  liinv  all  the  iilienoniena  it  presents  would  follow  from 
the  properties  of  matter,  as  we  learn  them  at  the  surface 
of  the  earth.  This,  however,  no  one  has  l)een  able  to  do, 
many  of  the  phenomena  heing  sufli  a.s  we  sboiihl  not  ex- 
pect from  the  known  eonstitntioii  of  matter.  All  we  can 
do,  therefore,  is  to  present  tlie  prinei])iil  (■hiiraetenstics  of 
eometfl,  as  eliown  hy  ohser^'ation,  an<l  to  explain  what  is 
wanting  to  rccttucile  these  characteristics  with  t!ie  known 
projK-rties  of  matter. 

In  the  first  place,  all  romets  M'hieli  have  l>eetv  examined 
■with  the  s|)ectr<wcope  show  a  spectrum  eomposed,  in  part 
at  least,  of  hriglit  linefl  ur  Itaiids.  These  lines  have  liecn 
supposed  to  he  identified  with  tln.we  of  earhon  ;  hut 
although  the  similarity  of  iispect  is  ver)' striking,  the  iden- 
tity cannot  be  regarded  as  proven. 
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FlO.  105.— HPECTUA   OF   OLRPTAXT  OA8   ASD  OP   A   COMET. 

In  the  annexed  figtiro  the  upjier  sp<^ctnim,  A,  is  that  of  carbon 
taken  inoli'fiant  gas,  and  iMe  lowi^r  one,  B,  that  of  a  romet.  These 
spectra  intcriiretcd  in  the  usttal  wny  would  indiciiti>,  tirstly,  that 
the  comet  is  gaseous  ;  gi'condly,  that  the  gases  which  comiMiMC  it 
are  so  hot  as  to  shine  by  their  own  light.     But  we  cannot  admit 
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these  interpretations  without  bringing  in  some  addtti<nul  tlieoij. 
A  mass  of  gas  surrounding  so  minute  a  body  as  the  nuclen*  •(  \ 
telescopic  comet  would  expand  into  space  by  virtue  of  its  ••I 
elasticity  unless  it  were  exceedingly  rare.  Moreover,  if  it  •«• 
incandescent,  it  would  sjjeedily  cool  off  so  as  to  be  no  lunger  mU 
luminous.  We  must,  therefore,  propose  some  theory  to  uoaaM 
for  the  continuation  of  the  luminosity  throug-h  many  cenUBWk 
such  as  electric  Hctivity  or  phosphore.'.ccncc.  But  witboQt  fartibr 
proof  of  HCfwn  of  these  causes  we  cannot  accept  their  rculity.  Wt 
are,  therefore,  unable  to  say  with  ccTtainty  how  tlic  light  in  Ai 
spectrum  of  comets  which  produces  the  bright  lines  bas  its  origia. 


In  the  \si6t  chapter  it  was  BhoA^ti  that  swarms  of  mimtt 
partielfs  willed  ineteoroidfi  follow  fcrtaiii  roinets  in  tLeir 
orbits.  This  is  ik>  tloubt  true  of  all  comets.  We  can  ooij 
regard  thet-e  nieteoroids  as  fragmcnta  or  tUbrlt  of  tla 
comet.  The  latter  Las  therefore  be«n  considercKl  by  Pn>- 
fessor  J^KwroN  us  iiiiide  up  entirely  of  niuteoroids  or  small 
detaelad  iiiiuvseB  of  iiiiitter.  These  ina».sos  are  t>o  ftniali  uwl 
80  iiuinenms  that  they  huik  like  a  cloiici,  ami  the  liglit 
whieh  they  rerteet  to  our  eyes  has  tho  luilky  unpoMranw 
peculiar  to  a  comet.  On  tliiH  tlieorj'  a  telcstnipic  coTnrt 
which  liJis  no  nucluns  i.s  siiujdy  a  cloud  of  tlii^tse  minuti! 
bodies.  The  Tiuilcuti  of  tho  brighter  eoinets  tiiav  either 
be  a  more  condensed  mass  of  such  bodies  or  it  may  be  » 
solid  or  KKpiiii  body  itself. 

If  the  reader  has  any  difficulty  in  reconciling  tliid  thcofT 
of  detached  particles  with  the  view  already  present^], 
that  the  envelopes  from  which  the  tail  of  tlio  comet  i* 
formed  consist  of  layers  of  va|>or,  he  must  ruinu]nl»er  tint 
yaporous  masses,  such  as  clouds,  fog,  and  stuoke  an: 
really  composed  of  ininnte  separate  particles  of  water 
carbon. 

Formation  of  the  Comet's  Tail. — The  tail  of  the  ooni 
is  not  a  j)ernianciit  apjiciidaf^c,  1)nt  is  corupoH<-d  of  tbf 
niiisses  of  vapor  which  we  have  already  dtvcrJlMjd  ofi  >£- 
cuiidini;  from  the  nucleus,  and  afterward  moving  awaT 
from  till;  sun.  The  tail  which  wo  see  on  oriu  evenitiir 
not  absolutely  the  same   we  saw  the  cvetiiug   l>t>f4iri>. 
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portion  of  the  Intter  having  Imcii  ilksipated,  wlille  new 
inattfrhits  takun  it*;  place,  a«  with  the  strwiiii  uf  smoke  from 
a  Bteaniship.  Tiie  inotiou  of  the  vaporons  mutter  A'hich 
forms  the  tail  heing  always  away  from  the  sun,  there 
seems  tu  he  a  repulsive  force  exerted  hy  the  suu  upon  it. 
Tlie  fttrm  of  the  comet's  tail,  on  the  supp<i8ition  that  it  is 
comj><>se<l  i>f  matter  thus  driven  away  from  tlie  Bun  with 
a  uiiifoniily  aecelcmted  velocity,  luw  Itcen  Hovcr.il  timc8 
investigated,  and  fonnd  to  represent  the  ohserved  fonn  of 
the  tail  so  nearly  !is  to  leave  little  doubt  of  its  correctness. 
We  may,  therefore,  regard  it  as  an  ohserved  fact  that  tlie 
vajior  wliich  rises  fr<ir:i  the  nucleus  of  the  comet  is  repelled 
hy  the  hiiii  itisfead  of  iwiiig  attracted  toward  it,  as  other 
masses  of  matter  are. 

No  adequittc  rxnlflnntion  of  tliis  repulsive  force  has  ever  been 
given.  It  has,  iiiaeed,  been  xuggrstc-u  thut  it  w  electricul  in  its 
character,  but  no  one  lius  yet  proven  experimi-ntally  tli::t  the  attruc- 
tion  exerted  by  the  sun  upon  terrestriul  liodies  is  influenced  by  their 
electrical  ."tute.  If  tliiti  were  done,  we  should  have  a  key  to  one  of 
the  most  di&ieult  ]iroblem8  connected  with  the  constitution  of 
comets.  As  the  cusc  now  stands,  the  repulsion  of  the  sun  upon  the 
conet's  tail  is  to  l>e  ru^irded  as  a  well-ascertained  and  entirely 
isohitfd  f<ict  whieh  has  no  known  counterpart  in  any  other  observed 
fact  i)f  nature. 

In  vii'W  of  the  diflieulticB  we  find  in  explaining  the  nhenomenA  of 
comets  by  prineintes  ba.sed  upon  our  terrestrial  cliemistry  and 
physics,  the  ipiestion  will  aii.se  whether  tht.-  matter  whieh  eomposea 
these  bodies  may  not  be  of  a  constitution  entirely  different  from 
that  of  any  matter  we  are  aetpiainleil  with  at  the  earth's  surface. 
If  this  were  so,  it  would  be  im|i08<ible  to  j^ive  a  complete  explanation 
of  comets  until  we  know  what  forms  matter  might  {Hjssibly  lu^ume 
different  from  those  \ve  find  it  to  have  assumed  in  our  labora- 
tories. This  is  a  question  which  we  merely  sugfiest  without 
attempting  to  speculate  u|ion  it.  It  can  be  answered  only  by  ex- 
perimental researches  in  chemistry  and  physics. 


§   4.    MOTIONS  OF  COMETS. 

Previous  to  the  time  of  Newtox,  no  certain  knowledge 
respecting  the  acttial  motions  of  comets  in  the  heavens 
had  been  acqnired,  e.xoept  that  tliey  did  tiot  move  around 
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t]ic  Bun  like  the  planete.  When  Newtox  inreBt^il«4  tk 
mathematical  results  of  the  theory  of  gravitatioa,  be  iand 
that  a  ))ody  moving  under  the  attraction  of  the  son  ni^ 
describe  cither  of  the  three  conic  sections,  the  ellipae,  ptf- 
iihola,  or  hyperbola.  Bodies  moving  in  an  ellipse,  as  it 
planeta,  would  comi)lete  their  orbits  at  regular  ina*rv»fc 
ijf  time,  according  to  lawns  already  laid  down.  But  if  tl* 
liody  moved  in  a  paraliola  or  a  hyperlwla,  it  would  nevtf 
return  tu  the  sun  after  once  passing  it,  but  would  ni< 


Fin,  106. — KLUPnc  and  farabouc  oRBrra. 

to  iiitinity.  It  wjis,  tlierefore,  very  natural  to  oondi 
tfiiit  coiufts  tnifiht  ln>Kodii*  which  re8enil)le  the  planets 
Mioviiif;  iithKt  till!  sun's  attnu'tion,  but  which,  instead 
1  -scribing  an  olli|>8e  in  regular  pcrio<lfi,  like  the  p1an«l>t 
;ii()ve  in  ]>aniboIic  or  hvporbolic  orbits,  and  therefon 
riTity  approach  the  sun  a  single  time  during  their  wlrat* 
existence. 

This  theory  is  now  known  to  lie  essentially  true 
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most  of  the  observed  comets.  A  few  are  indeed  found  to 
be  revolving  around  the  sun  in  elliptic  orbits,  which  differ 
from  those  of  the  planets  only  in  being  much  more  eccen- 
tric. But  the  greater  number  which  have  been  observed 
have  receded  from  the  sun  in  orbits  which  we  are  unable 
to  distinguish  from  parabohis,  though  it  is  possible  they 
may  be  extremely  elongated  ellipses.  Comets  are  there- 
fore divided  with  respect  to  their  motions  into  two  classes  : 
{\)  pt;ri<fdic  comett,  wliich  are  known  to  move  in  elliptic 
orbit*,  and  to  return  to  tlie  sun  at  fixed  inten'als  ;  and  (2) 
parabolic  cometa,  apparently  moving  in  parabolas,  never 
to  rctuni. 

The  first  discovery  of  the  periodicity  of  a  comet  waa 
made  by  Hallev  in  connection  vnih.  the  great  comet  of 
1682.  Examining  the  records  of  observations,  lie  found 
tliat  a  comet  moving  in  nearly  the  same  orbit  with  that  of 
lfiS2  had  been  seen  in  1607,  and  still  another  in  1531. 
JIo  was  therefore  led  to  the  conclusion  that  these  three 
comets  were  really  one  and  the  same  object,  returning  to 
the  sun  at  intervals  of  about  75  or  76  years.  lie  there- 
fore predicted  that  it  would  appear  again  about  the  year 
1758.  But  such  a  prediction  miglit  bo  a  year  or  more  in 
error,  owing  to  the  etlect  of  the  attraction  of  the  planets 
upon  tlte  comet.  In  the  mean  time  t!io  methods  of  calcu- 
lating the  attraction  of  tlie  planets  were  so  far  improved 
that  it  i>ecamo  possible  to  make  a  more  accurate  predic- 
tion. As  the  year  1759  approached,  the  necessary  com- 
putations were  made  by  the  great  French  geometer  Clai- 
RAUT,  who  assigned  April  Kith,  1759,  as  the  day  on  which 
the  comet  would  pass  its  j>erihelion.  This  prediction 
was  remarkalily  correct.  The  comet  was  first  seen  on 
Cliristmas-day,  1758,  and  passefl  its  perihelion  March 
12th,  1759,  only  one  month  before  the  predicted  time. 
The  comet  returned  again  in  1835,  within  tliroe  days  of 
the  moment  predicted  by  Df.  PoNriixjuLANT,  the  most 
successful  calculator.     The  next  return  will  probably  take 
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place  in  1911  or  1912,  the  exact  time  being  still  unknown, 
because  the  necessary  computations  have  not  yet  been 
made. 

We  give  a  Hgiire  showing  the  position  of  the  orbit  of 
IIallet's  comet  relative  to  the  orbits  of  the  four  outer 

planets.  It  uttuiu- 
ed  its  greatest  dis- 
tmce  from  the  sun, 
far  beyond  the  or- 
bit of  A^eptune, 
alK»uttlieyearlH73, 
and  th  en  c o ra- 
nienced  its  return 
journey.  Tlie  tig- 
ure  shows  the  prob- 
able position  of  the 
conift  in  1S74.  It 
wiis  tlien  far  be- 
yond tlie  reach  of 
the  most  powerful 
telescope,  bnt  its  distimce  ami  direction  admit  of  being 
calculated  with  so  unidi  ]ire('isioii  that  a  telescope  could 
bo  )miiitei!  at  it  at  any  rc(]iiired  moment. 

Wf  liuve  ulrea«ly  sfjited  that  great  numbers  of  coinetA, 
too  faint  to  be  seen  by  the  iiakL'd  eye,  are  discovered  by 
telescopes.  A  considerable  number  of  these  telescopic 
comets  have  been  found  to  Iw  jieriodic.  In  most  casa. 
the  period  is  many  centuries  in  length,  so  that  the  ooinet» 
have  oidy  l)cen  noticed  at  a  single  visit.  Eight  ftr 
m'ne,  however,  have  been  found  to  be  of  a  periotl  so  sliort 
tliat  they  have  been  (ibst!r\'cd  at  two  or  more  returns. 

We  j>rcfient  a  table  of  such  of  the  jieriodic  coinots  a6 
have  been  actually  oliserved  at  two  or  more  returns,  A 
number  of  otliers  are  known  to  bo  periodic,  bnt  liavo  buen 
ybserved  only  on  a  single  visit  to  our  system. 


Fig.  107. — oanrr  of  n.M.i.Ev's  comet. 
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Theory  of  Cometary  Orbits — There  is  a  property   of  all  «• 

bits  of  bodies  around  the  sun,  an  understaDdxng  of  -which  will 
enable  us  to  form  a  clear  idea  of  some  causes  which  affect  the 
motion  of  comets.  It  may  be  expressed  in  the  following  theorem  : 
Themtan  dittaiife  of  a  luidi/  front  the  tun,  or  the  mnjor  »tmi-axi*  of 
ike  eUqite  in  which  it  revolves,  rlepends  only  ujxin  the  velocity  of  the 
body  at  a  given  distance  from  the  sun,  and  may  be  found  by  the 
formula, 


4 


in  which  r  is  the  distance  from  the  sun,  r  the  velocity  with  w 
the  body  is  moving,  and  n  a  constant  proportional  to  the  moss  of 
the  auu  and  depending  on  the  units  of  time  and  length  we  adopt. 

To  understand  this  fonuula,  let  us  imagine  ourselves  in  the  rele*- 
tial  spiices,  with  no  planets  iu  onr  neighborhood.  Suppose  we  hare 
a  great  number  of  bulla  and  shuot  tliem  out  with  the  same  Velocity, 
but  in  dilTereut  directions,  so  thiit  they  will  describe  orbits  around  the 
sun.  Tlifu  the  bodies  will  nil  describe  different  orbits,  owing  Xu 
the  dilTcrent  directions  ii)  which  we  threw  them,  but  these  orbits 
will  all  jiossi'ss  the  rcmarkiible  property  of  having  equal  major 
axcB,  and  therefnre  ci^ual  mean  distances  from  the  sun.  Since,  by 
KEPLKtt'B  third  law,  the  periodic  time  depends  only  upon  the 
mean  distance,  it  follows  that  the  bodies  will  have  the  same  time 
of  revolution  around  the  Bun.  C'onseipiently,  if  we  wait  patiently 
at  the  point  of  projection,  they  will  all  make  a  revolution  in  the 
same  time,  and  will  all  come  Imck  again  at  the  same  moment,  each 
one  coming  from  a  direction  the  opposite  of  that  in  which  it  was 
thrown. 

In  the  al>ove  formula  the  major  axis  is  given  by  a  fraction,  haring 
the  expression  2/i  —  re'  for  its  denominator  ;  it  follows  that  if  the 

o  „ 

velocity  is  almost  equal  to  — ^,  the  value  of  a  will 

become  very  great,  because  the  denominator  of  the  fraction  will  Im 
very  small.  If  the  velocity  is  such  that  3^  —  r  r'  is  rero,  tlic  memo 
distance  will  become  inlinitc.  Hence,  in  this  case  the  iMidy  will 
fly  off  to  an  infinite  distance  from  the  sun  and  never  return. 
Much  less  will  it  return  if  the  velocity  is  still  greater.  Such  a 
velocity  will  make  the  value  of  a  algebraically  negative  and  will 
correspond  to  the  hyjicrbola. 

If  we  take  one  kilometre  per  second  as  the  unit  of  velocity,  and 
the  mean  distance  of  the  earth  from  the  ^«n  as  the  unit  %l  distance, 
the  value  of  n  will  bo  represented  by  the  number  875,  lo  that  the 

formula  for  a  will  be  a  =  -^  — _ j.     From  this  equation,  we  may 

calculate  what  velocity  a  body  moving  around  the  sun  must  hare 
at  any  given  distance  r,  in  order  that  it  may  move  in  a  parabolic 
orbit — that  is,  that  the  denominator  of  the  fraction  shallvanish. 

condition  will  give  c'  =   — ^.     At  the  distance  of  the  eartli 


4 


4 

4 
4 


ORiarS  OP  COMETS.  401 

from  the  sun  we  have  r  =  1.  bo  that,  at  thi«t  distance,  r  will  l>e  the 
8i)uare  root  of  17.50,  or  nearly  42  kilomftrcs  jht  second.  The  fur- 
ther we  ffet  out  from  tlie  sun,  the  less  it  will  be  ;  and  we  may  remark, 
a.«  un  interesting  theorem,  that  whenever  the  comet  is  at  the  dis- 
tance of  one  of  the  planetary  orbits,  ita  velocity  must  l>e  equal  to 
that  of  the  planet  multiplied  by  the  square  root  of  2,  or  1-414,  etc. 
Hence,  if  the  velocity  of  any  planet  were  Buil<lenly  increased  by  a 
little  more  than  ,*,  of  its  amount,  its  orbit  would  l>e  changed  into 
a  jMirabola,  and  it  would  fly  away  from  the  sun,  never  to  return. 

It  follows  from  all  this  that  if  the  astronomer,  by  observing  the 
course  of  a  comet  along  its  orbit,  can  determine  its  exact  velocity 
from  point  to  point,  lie  can  thence  calculate  its  mean  distance  from 
the  sun  and  its  |>eriodic  time.  But  it  is  found  that  the  velocity  of 
m  large  majority  of  comets  is  so  nearly  equal  to  that  required  for 
motion  in  a  parabola,  that  the  difference  eludes  observation.  It  is 
hence  concUiiIed  that  most  comcta  move  nearly  in  {tarabolas,  and 
will  either  never  return  at  all  or,  at  best,  not  until  after  the  lapse  of 
many  centuries. 


§   6.    OBIOIN   OP  COMETS. 

All  thiit  we  know  of  comets  seems  to  indicate  tliat  tlicy 
did  not  oriiriiiiilly  belong  to  our  system,  hut  l»ecume  mem- 
bers of  it  tlirougli  the  diutnrbing  forces  of  tlio  planets. 
From  wliiit  was  said  in  tiio  Iaj?t  section,  it  will  Imj  seen  that 
if  a  comet  is  moving  in  a  jmniholic  orl>it,  and  its  velocity 
is  dimimVhcd  at  any  ]K>ifit  by  ever  so  small  un  amonnt,  its 
orbit  will  be  changed  into  an  ellipse  ;  for  in  order  that  the 
orbit  may  be  jjarabolic,  the  quantity  2  ;*  — r  »'  must  remain 
exactly  zero.  But  if  we  then  diminish  v  by  the  smallest 
amount,  this  expression  will  become  finite  ami  positive, 
and  a  will  no  longer  be  infinite.  Now,  tlie  attraction  of 
a  planet  inaj'  have  either  of  two  opposite  effects  ;  it  may 
either  increase  or  diminish  the  velocity  of  the  comet. 
Hence  if  the  latt«r  be  moving  in  a  paralxdic  orbit,  the  at- 
traction of  a  ]>lanet  might  eitlier  thn)W  it  out  into  a  hyjier- 
bolic  orbit,  so  that  it  would  never  again  return  to  the  sun, 
but  wander  forever  throngh  tlie  celestial  spaces,  or  it 
might  change  it«  orl»it  into  a  more  or  less  elongated  cllii>se. 

Suppose  CD  to  represent  a  small  portion  of  the  orbit 
of  the  planet  and  A  B  a  small  portion  of  the  orbit  of  a 
comet  passing  near  it.     Suppose  also  that  the  comet  paaaes 
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a  little  in  front  of  tlie  planet,  and  that  the  simoltanflim 
positions  of  the  two  bodies  are  represented  by  the  corre- 
sponding letters  of  the  alphabet,  n,  J,  c,  d,  etc. ;  the  shortest 
di8tj.nee  of  the  two  bodies  will  be  the  line  c  <•,  and  it  is 
then  that  tlio  attraction  will  be  the  uiost  powerful. 
Between  c  c  and  d  d  the  planet  will  attract  the  comet  almoM 
directly  backward.  It  follows  then  that  if  a  comet  pui 
tlie  planet  in  tlie  way  here  represented,  its  velocity  will  be 
retarded  by  the  attraction  of  the  latter.  If  therefore  it  be 
a  piu-abolic  comet,  the  orbit  will  be  changed  into  an 
ellijMC.  The  nearer  it  passes  to  the  planet,  the  greater 
will  be  the  change,  so  long  as  it  passes  in  front  of  it.     If 

it  passes  behind,  the 
reverse  effect  will 
follow,  and  the  mo 
tion  will  be  accele- 
rated. Tl«e  orbit  will 
then  be  changed  into 
a  hyperbola.  The  or- 
bit  finally  described 
after  the  comet  learot 
our  systeni  will  de- 
pend upon  whether 
its  velocity  is  accele- 
rated or  retarded  bj 
the  combined  attraction  of  all  the  planets. 

All  the  studies  which  have  been  made  of  comets  seem 
to  show  that  tliey  originally  moved  in  parabolic  orbits,  and 
were  brought  into  elliptic  orbits  in  this  way  by  the  attrac- 
tion of  some  planet.  The  planet  wliich  has  thus  hronf  ht 
iu  the  greatest  mimber  is  no  doubt  JupiUr.  In  fact,  the 
orbits  of  several  of  the  periodic  comets  pass  ver>'  near  to 
that  planet.  It  might  seem  that  these  orbits  ouglit  almost 
to  intersect  that  of  the  planet  which  changed  them.  Thii 
would  be  true  at  first,  but  owing  to  the  constant  chanee  in 
the  position  of  the  eometary  orbit,  produced  bv  the  at- 
traction of  tlie  planets,  the  orbits  would  gradually  more 
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away  from  each  other,  so  that  in  time  there  might  be  no 
approach  whatever  <jf  the  phiiiet  to  tlie  euniet. 

A  remarkable  case  of  this  sort  was  afforded  hy  a  comet 
discovered  in  June,  1770.  It  was  observed  in  all  nearly 
four  months,  and  was  for  some  time  visible  to  the  naked 
eye.  On  calculating  its  orbit  from  all  the  observations, 
the  aatronomenj  were  astonished  to  find  it  to  be  an  ellipse 
with  a  period  of  only  five  or  six  years.  It  ought  therefore 
to  liave  api>eared  again  in  17Tt}  or  1T77,  .and  should  have 
returned  to  its  perihelion  twenty  times  before  now,  and 
should  also  have  been  visible  at  returns  previous  to  that  at 
which  it  was  first  seen.  But  not  only  was  it  never  seen 
before,  but  it  has  never  been  seen  since  !  The  reason  of 
it«  disappearance  from  view  was  liroiight  to  light  on  cal- 
culating its  motions  after  its  first  discovery.  At  its  re- 
turn in  177tJ,  the  earth  was  not  in  the  right  jmrt  of  its 
orbit  for  seeing  it.  On  passing  ont  to  its  aj>hclion  again, 
aljout  the  beginning  of  1770,  it  eiu'ountercd  the  planet 
Juj)iter,  and  approac!ied  so  near  it  that  it  was  in>pussiblo 
to  dctcnnine  on  which  side  it  passed.  Tiiis  approach,  it 
will  be  renienilKjred,  could  not  be  observed,  because  the 
comet  was  entirely  out  of  sight,  but  it  was  calculated  with 
absolute  certainty  from  the  theory  of  the  comet's  motion. 
The  attraction  of  Jupiter,  therefore,  threw  it  into  some 
orbit  so  entirely  different  that  it  has  never  been  seen  since. 

It  is  also  highly  probable  that  the  comet  had  just  l)een 
Itrouglit  in  by  the  attraction  of  JupiUr  on  the  very  revo- 
lution in  which  it  was  first  observe*!.  Its  history  is  this  : 
Approaching  the  sun  from  the  stellar  spaces,  probaljly  for 
the  first  time,  it  passed  so  near  Jvpitrr  in  17<'>7  that  its  or- 
bit was  changed  to  an  ellipse  of  short  peri<Hl.  It  made 
two  complete  revolutions  around  the  sun,  and  in  1779 
again  met  the  planet  near  the  same  jylacc  it  had  met  him 
before.  The  orbit  was  again  altered  so  much  that  no  tel- 
escope has  found  the  comet  since.  No  other  case  so  re- 
markable as  this  has  ever  been  noticed. 

Not  only  are  new  cometa  occasionally  brought  in  from 
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the  stellar  spaces,  but  old  ouee  may,  as  it  were,  fade  avaj 

and  die.  A  case  of  tliis  sort  is  afforded  bj  Bieua's  oomet, 
which  luis  not  Itei^n  seen  since  1S.)2,  and  seeinB  to  have  en- 
tirely di8ai)j>earc(l  from  the  heavens.  It*  historv  i«  so  in 
stnietive  that  wc  present  a  brief  synopsis  of  it.  It  was  fim 
observed  in  1772,  again  in  ls()5,  and  then  a  third  time  ia 
1826.  It  was  not  until  this  third  apparition  that*  it«  peri- 
odicity was  recognized  and  its  previous  appearances  iden- 
tified as  those  of  tlie  same  body.  The  period  of  rcvoln- 
tion  was  found  to  be  between  six  and  seven  vears.  It  wai 
80  small  Jis  to  be  visible  in  ordin;iry  telescopes  only  when 
the  earth  was  near  it,  which  would  oceur  only  at  one  re- 
turn out  of  three  or  four.  So  it  was  not  seen  again  tmtil 
near  the  end  of  184.'>.  Nothing  remarkable  was  noticed  in 
its  appearance  until  January,  1S46,  when  all  were  astun- 
iflhcd  to  find  it  separated  into  two  complete  (>oinets,  one  a 
little  lirighttir  than  the  other.  The  coiiipufation  of  Pn> 
feasor  IIuuuaku  makes  the  distance  of  the  two  bodies  to 
have  been  2(W).ftOO  miles. 

The  next  iil»serv(Nl  return  was  that  of  1852,  when  the 
two  comets  were  agiiin  vieweii,  but  far  more  widely 
separated,  their  distance  liaving  increaseil  to  about  a  mil- 
lion and  a  lialf  of  niik's.  Their  briglitness  was  stt  nearir 
equiJ  that  it  was  not  possible  to  decide  whicli  should  be 
considered  the  principal  comet,  nor  to  determine  with 
certainty  which  one  .slioiild  bo  coUKiik-rcd  as  identical  with 
the  comet  seen  during  (lie  jircvinns  apparition. 

Tliough  carefully  looked  for  at  every  sub8ef{Ueut  return. 
neitliur  comet  hiis])L'cii  seen  since.  In  1S72,  Mr.  I*oo.s«>x, 
of  Madra.*^,  tlionght  tliiit  Jie  got  a  momentary  view  of  the 
comet  tlirougli  an  ojwuing  between  the  clouds  on  astormj 
evening,  l>ut  tire  position  in  wliicli  lie  supposed  liimself  U> 
oliscrve  it  was  so  far  fmiti  the  calculated  one  that  bis  <.l»«,.r- 
vation  has  not  been  accepted. 

Iiistc!i<l  of  the  comet,  !iowevcr,we  had  a  meteoric  showt 
The  orbit  of  tliihi  comet  almost  intellects  that  of  the 
It  wo£  therefore  to  be  expected  that  tlie  latter,  on  paaau 
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the  orbit  of  the  comet,  would  intersect  the  fragmentary 

metcoroids  supposed  to  follow  it,  :ts  explained  in  the  last 
chapter.  According  to  the  calculated  orbit  of  the  comet,  it 
crossed  the  jxiint  of  intersection  in  September,  1872,  while 
tlie  earth  passes  the  siinie  point  on  N()vcml)er  27tli  of  each 
yejir.  It  w:ih  therefore  predicted  that  a  meteoric  shower 
would  be  seen  on  the  night  of  November  27th,  the  radiant 
point  of  which  wmild  be  in  the  constellation  Audroineda. 
This  prediction  was  completely  veritied,  but  the  meteors 
were  so  faint  that  thougli  they  succeeded  each  other  quite 
rapidly,  they  might  not  have  been  noticed  by  a  casual 
observer.  They  all  radiated  from  the  predicted  point  witli 
such  exactness  that  the  eye  could  detect  no  deviation  what- 
ever. 

We  thus  have  a  third  case  in  which  meteoric  showers 
are  associated  with  the  orbit  of  a  comet.  In  this  case,  how- 
ever, the  comet  ha&  been  completely  dissipated,  an<l  proba- 
bly has  disappeared  forever  from  telescopic  vision,  though 
it  may  be  expected  that  from  time  to  time  its  invisible 
fragments  will  form  meteors  in  the  earth's  atmosphere. 


§   6.    HEMARKABLE   COMETS. 

It  is  familiarly  known  that  bright  comets  were  in  fonner 
yean  objects  of  great  terror,  being  supposed  to  presage 
the  fall  of  empires,  the  death  of  monarchs,  the  approach 
of  earthquakes,  wars,  jMiStilence,  and  every  otlicr  calamity 
which  could  afflict  mankind.  In  showing  the  entire 
groundlessness  of  such  fears,  science  has  rendered  one  of  its 
greatest  benelits  to  mankind. 

In  14r>(>,  tlie  comet  known  iis  IIalley's,  appearing 
when  the  Turks  were  making  war  on  Christendom,  caused 
such  terror  that  Pope  Calixtus  ordered  prayers  to  \xi 
offered  in  the  churches  for  protection  against  it.  This 
is  supposed  to  Imj  the  origin  of  the  popular  myth  that  the 
PojX!  once  issued  a  bull  against  the  comet. 

The  niunber  of  comets  visible  to  the  naked  eye,  ao  far  as 
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recorded,  has  generally  ranged  from  20  to  40  in  aetu- 
tur}'.  Only  a  small  portion  of  these,  however,  nave  been 
BO  hri^lit  lis  to  excite  universal  notice. 

Comet  of  1680. — One  of  the  most  reniurkaLlo  of  tbcM 
brilliant  comets  is  that  of  1680.  It  inspired  boch  temir 
that  a  mudal,  of  which  we  present  a  fxs^re,  was  ctnxi 
upon  the  Continent  of  Europe  to  quiot  apprebensioii.  A 
free  translation  of  tlie  inscrijition  is  :  "  Tlie  star  thnatcn* 
evil  things;  trust  only!  God  will  turn  tliem  to 
What  makes  tiiis  comet  esjiecially  remarkable  in 
is  that  Newton  calculated  its  orbit,  and  sliuwed  tluk 
moved  around  the  sun  in  a  conic  section,  in  obedlenee  I 
the  law  of  gravitutiuii. 


PlO.    109, — MEDAI,   OF   TIIK   OREAT   CllMEl         : 

Oreat  Comet  of  1811.  —Fig.  110  shows  its 
pcarance.     It  has  a  period  of  over  3000  yt.,,  ,. 
aphelion  distunce  is  about  40,OOO,0(Xt,00O  niiJes, 

Great  Comet  of  1843.— One  of  the  nutst  brilliant  ooiuJ 
ets  which  have  appeared  during  the  present   cetunrv 
that  of  February,  1843.      It  wtis  visible  in   fnll  <laVlii 
close  to  the  sun.     Considerable  terror  was  caused   in„,w— , 
quarters,  lest   it  might    presage  the  end    of    tlie   woriZ] 
which  had  been  predicted  fi>r  that  year  liy  Mim.kh.     Al 
perihelion    it   passed  nearer  the  sun  than  any  otlicr  twdj 
h«e  ever  been  known  to  pass,  the  leiwt  distance  f>vin^  onlj 
about  one  fifth  of  the  sun's  senii-iliiuneter.      With   a  verfl 
ftligjit  ch;mge  of  its  original  motion,  it  would  hm-a  actoaDi 
fallen  into  the  suu. 


ORKA  T  COMET  OF  1808. 

Great  Comet  of  1858. — Anotlicr  rcinarktililo  comet  for 
tlie  length  of  time  it  remained  visible  was  that  of  1858. 
It  is  frcfjnently  called  after  the  name  of  Df)N,VTi,  its  first 
discoverer.      No    comet    visiting    our    neighborhood    \n 


PlO.   110  — OBEAT  COMBT  Or  1811. 

recent  timea  has  afforded  so  favorable  an  opportunity  for 
studying  its  physicjd  constitution.  Some  of  the  results  of 
the  observations  made  upon  it  have  already  been  preeented. 
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its  greatest  brilliancy  occiuTcd  about  tlie  beginning  of 
October,  when  i*«  tail  wafi  40°  in  length  and  1U°  in  breadth 
at  ite  outer  end. 

lloNATi'g  comet  had  not  long  been  observed  when  it 
was  found  thiit  its  orbit  was  decidedly  elliptical.  After  it 
disappeared,  the  olwervatious  were  all  carefully  investigated 
by  two  matheniaticians,  Dr.  Von  Astejj,  of  Gennany, 
and  itr.  G.  W.  Hill,  of  this  country.  The  latter  found 
a  period  of  1950  years,  wluch  is  probably  witliin  a  half  a 
century  of  the  truth.  It  is  probable,  thcreft»re,  that  this 
comet  appeared  aljuut  the  first  century  before  the  Chris- 
tian era,  and  will  return  again  about  the  year  3800. 


Encke's  Comet  and  the  Besisting  Medium.— Of  telescopic 
cometfi,  that  which  liaa  been  most  invenligiited  by  astronomers  is 
known  aa  Encke'h  comet.  Its  perifxl  is  between  three  and  four 
years.  Viewed  with  a  telescope,  it  it  not  different  in  any  resjiect 
from  other  tclcseopic  comets,  appearing  simply  as  a  mass  of  foggy 
light,  somewhat  brighter  near  one  side.  Under  the  most  favorable 
circumstances,  it  i»  just  visible  to  the  naked  eye.  The  circumstance 
which  has  lent  most  interest  to  this  comet  is  that  the  observation* 
which  have  been  made  upon  it  seem  to  indicate  that  it  is  gradually 
approaching  the  sun.  Emckk  attributed  this  change  in  its  orbit  to 
the  existence  in  space  of  a  resisting  medium,  so  rare  as  to  have  no 
apnrecial>]e  effect  u]K>n  the  motion  of  the  jilanets,  and  to  be  felt 
only  by  bodies  of  extreme  tenuity,  like  the  telescopic  comets.  The 
approach  of  the  comet  to  the  sun  is  shown,  not  by  direct  obeer- 
vation,  but  only  by  a  gradual  dimimition  of  the  period  of  revolu- 
tion. It  will  be  many  centuries  before  this  period  would  be  bo  far 
diminibhcd  that  the  comet  would  netually  touch  the  sun. 

If  the  change  in  the  period  of  thin  comet  were  actually  due  to 
the  cause  which  Enckk  supposed,  then  other  faint  comets  of  the 
same  kind  ought  to  be  subject  to  a  similar  influence.  But  the  in- 
vestigations which  have  been  made  in  recent  times  on  these  bodies 
show  no  deviation  of  the  kind.  It  might,  therefore,  l)e  concluded 
that  the  change  in  the  period  of  Enckk's  comet  must  be  due  to 
some  other  cause.  There  is,  however,  one  circumstance  which 
leaves  us  in  doubt.  Ekcke's  comet  passes  nearer  the  sun  than  any 
other  comet  of  short  ])criod  which  has  been  ol>served  with  suffi- 
cient care  to  decide  the  (jucstion.  It  mar,  therefore,  be  supposed 
that  the  resisting  medium,  whatever  it  may  be,  is  densest  near  the 
sun,  and  does  not  extend  out  far  enough  for  the  other  cometa  to 
meet  it.  The  question  is  one  very  difficult  to  settle.  The  fact  is 
that  all  comets  exhibit  slight  anomalies  in  their  motions  which  pre- 
vent us  from  deducing  conclusions  from  them  with  the  same  cer- 
tainty that  we  should  from  those  of  the  planett. 


PAKT  in. 

THE    UNIVERSE    AT   LARGE. 


INTRODUCTION. 

In  our  etiidies  of  the  heavenly  bodies,  we  have  hitherto 

hecn  oec'iipied  almost  entirely  with  thoee  of  tlie  Bolar  sys- 
tem.' Alfhongli  this  system  eoinj»ri8e«  the  bodies  which 
are  most  imjiortant  to  us,  yet  they  form  only  an  insigm'fi- 

•  ant  part  of  creation.  Besides  the  earth  on  whieh  we 
dwell,  only  seven  of  the  bodies  ui  the  solar  system  are 
plainly  visible  to  the  naked  eye,  whereas  it  is  well  known 
that  2nf)0  Btars  or  more  ean  be  seen  on  any  clear  night. 
We  now  have  to  deserilje  the  visible  universe  in  itfi  largest 
extent,  and  in  doing  so  shall,  in  imagination,  step  over 
ihe  hounds  in  \vliifh  we  have  hithertt*  contined  ourselves 
.  lid  tly  through  the  immensity  of  space. 

The  material  universe,  as  revealed  by  modem  telescopic 
iivestigati<jn,  consists  i)rinri])ally  of  shining  bodies,  many 

•  illions  in  nnnilH.'r,  a  few  of  the  nearest  and  brightest  of 
which  are  visible  to  tlie  naked  eye  as  stars.     They  extend 

ut  as  far  as  the  most  powerful  telescope  can  [H'Tietrate, 

lid  no  one  knows  how  much  farther.     Our  snn  is  simply 

ne  of  these  stars,  and  does  not,  so  far  as  we  know,  differ 

ronj  its  fellows  in  any  essential  characteristic.     From  the 

ost  careful  estimates,  it  is  rather  less  bright  than  the 

rage  of  the  nearer  stars,  and   overpowers  them  by  its 

Uancy  only  because  it  is  so  much  nearer  to  us. 

The  distance  of  the  stars  from  each  other,  and  therefore 
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from  tbe  sun,  is  immensely  greater  than  any  of  tbf 
tances  whit'li  \\c  have  liitlierto  Lad  to  consider  in  the  sola; 
syfitein.     Suppose,    for  instance,   that    a   walker  thnmif' 
the  celestial  spaces  coiild  start  out  from  the  sun,  takioi 
300r»  miles  long,  or  equal  to  the  distance  from  Lirerj' 
New  York,  and  making  120  steps  a  minute.      This 
would  carry  him  around  the  earth  in  about  four  sev 
he  woulJ  walk  from  the  sun  to  the  eartli  in  four  honr- 
in  live  days  he  would  reach  the  orbit  of  JVejttviu.      \  ^-  .. 
he  should  start  for  the  nearest  star,  he  would  not  reach  it 
in  a  hundred  years.     Long  before  lie  got  there,  the  whole 
orbit  of  Neptune,  supposing  it  a  visible  object,  would  have 
been  reduced  to  a  point,  and  have  tinally  vanished  from 
sight  altogether.     In  fact,  the  nearest  known  star  is  about 
seven  tbunsaud  times  as  far  as  the  planet    JVeptuti^.     If 
we  suppose  the  orbit  of  this  planet  to  1)e  represented  6v  a 
child's  hoo]),  the  nearest  star  would  be  tliree  or  four  miles 
away.     We  have  no  reason  to  suppose   that   eontignou* 
stars  are,  on  the  average,  nearer  than  this,  except  in  special 
cases  where  tlioy  arc  collected  together  in  clusters. 

The  total  nutuber  of  the  stars  is  estimated  by  miUions, 
and  they  are  probably  sepamted  by  these  wide  interrals. 
It  follows  that,  in  going  from  the  sun  to  the  nearest  star, 
we  would  be  simply  taking  one  step  in  the  universe.  The 
most  distant  stars  visible  in  great  telescopes  are  probably 
several  tliousand  times  more  distant  than  the  nearest  one 
and  we  do  not  know  what  may  lie  beyond. 

The  point  we  wish  principally  to  impress  on   the  read« 
in  this  connection  is  that,  althuugh  the  stars  and  planets  pr»-^ 
sent  to  the  naked  eye  so  great  a  similarity  in  appeaninoe, 
there  is  tlie  greatest  possible  divei'sity  in  their   distances 
and  characters.     The  planets,   thojigh  many  millions 
miles  away,  are  comparatively  near  us,  and   form   a  littll 
family  by  themselves,   which  is  called  the  solar  systec 
The  fi.xe(l  stars  are  at  distances  incomparably  greater — t 
nearc^st  star,  its  just  stated,  being  thousands  of  times  more^ 
distant  than  the  farthest  planet.     The  planets  are,  bo  far 
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as  we  can  see,  worlds  soinewbat  like  tliis  on  wliidi  we  live, 
while  the  stare  are  suiis,  generally  larger  :ind  brighter  than 
our  own.  Each  star  may,  for  aught  we  know,  have  plan- 
ets revolving  around  it,  but  their  distance  is  so  immense 
that  the  largest  planets  will  remain  invisible  with  the  most 
powerful  telescopes  man  can  ever  hope  to  construct. 

The  classification  of  the  heavenly  bodies  thus  leads  ns  to 
this  curious  conclusion.  Our  sun  is  one  of  tlie  family  of 
stars,  the  other  members  of  which  stud  the  heavens  at 
night,  or,  in  other  words,  the  stars  arc  suns  like  that  which 
makes  the  day.  The  jtJancts,  though  tliey  look  Uke  stars, 
ara  not  such,  but  bodies  more  like  the  earth  ou  which 
wo  live. 

The  great  universe  of  stars,  including  the  creation  in  its 
largest  extent,  is  called  the  steUur  si/nUm,  or  dellar 
umeerge.  We  have  first  to  coiiflider  how  it  looks  to  the 
naked  eye. 


CHAPTER  I. 

THE   CONSTELLATIONS, 
%  1.    OEKEHAIi  ASPECT  OP  THE   HEAVENS. 

When  we  view  the  Iieavens  with  the  unaasisted  eye,  the 
stare  appear  to  be  scattered  nearly  at  random  over  thf 
surfaee  of  the  celestial  vault.  The  only  deviation  from  an 
entirely  random  distribution  which  can  be  noticed  is  a  oer 
tain  grouping  of  the  brighter  ones  into  constellatioD& 
We  notice  also  that  a  few  are  comparatively  much  brighter 
than  the  rest,  and  that  there  is  every  gradation  of  bril- 
liancy, from  that  of  the  brightest  to  those  which  are  btrelj 
visible.  We  also  notice  at  a  glance  that  the  fainter  sUn 
outnumber  the  bright  ones  ;  so  that  if  we  divide  the  etut 
into  classes  according  to  their  brilliancy,  the  fainter  rlimn 
will  be  far  the  more  numerous. 

The  total  number  one  can  see  will  depend  very  largelv 
upon  the  clearness  of  the  atmosphere  and  the  keenness  of 
the  eye.  From  the  most  careful  estimates  which  have 
been  made,  it  would  appear  that  there  are  in  the  whoi 
celestial  sphere  about  6000  stars  visible  to  an  ordinaril; 
good  eye.  Of  these,  however,  we  can  never  see  more  than 
a  fraction  at  any  one  time,  because  one  half  of  the  sphere  is 
always  of  necessity  below  the  horizon.  If  we  coald  see  • 
star  in  the  horizon  as  easily  as  in  the  zenith,  one  half  of  the 
whole  number,  or  30O0,  would  be  visible  on  any  clear  night. 
But  stars  near  the  horizon  are  seen  through  so  great  %< 
thickness  of  atmosphere  as  greatly  to  obscure  their  Ugh 
consequently  only  the  brightest  ones  can  there  be  seen 


re 


^i^M 


CLASSES  OF  STARS.  415 

a  result  of  tliis  oLecuration,  it  is  not  likely  that  more  than 
2iHjO  stai-s  can  ever  \te  taken  in  at  a  single  view  by  any 
ordinary  eye.  About  2000  other  stars  are  so  near  the 
South  Pole  that  they  never  rise  in  our  latitudes.  Hence 
out  oi  the  60(KI  supposed  to  be  visible,  only  4000  ever 
come  within  the  range  of  our  vision,  unless  we  make  a 
journey  toward  the  equator. 

The  Oalaxy. — Another  feature  of  the  heavens,  which  is 
less  striking  than  the  stars,  but  lias  been  noticed  from 
the  earliest  times,  is  the  6'a/<wy,  or  MUkif  Way.  This 
object  consists  of  a  magnificent  stream  or  belt  of  white 
milky  light  10"  or  15°  in  breadth,  extending  obliquely 
around  the  celestial  sphere.  During  the  spring  months,  it 
nearly  coincides  witli  our  horizon  in  the  early  evening, 
but  it  can  readily  be  seen  at  all  other  times  of  the  year 
spanning  the  heavens  like  an  arch.  It  is  for  a  portion  of 
its  length  split  longitudinally  into  two  parts,  which  remain 
separate  through  many  degrees,  and  are  finally  united 
again.  The  student  will  obtain  a  better  idea  of  it  by 
actual  examination  than  from  any  description.  He  will 
see  that  its  irregularities  of  form  and  lustre  are  such  that 
in  some  places  it  looks  like  a  mass  of  brilliant  clouds.  In 
the  southern  hemisphere  there  are  vacant  spaces  in  it 
which  the  navigators  call  coal-sacks.  In  one  of  these, 
5"  by  18°,  there  is  scarcely  a  single  star  visible  to  the 
naked  eye  (see  Figs.  121  and  132). 

Luoid  and  Telescopio  Stars.  —  When  we  view  the 
heavens  with  a  telescope,  we  find  that  there  are  innumer- 
uble  stars  too  small  to  be  seen  by  the  naked  eye.  We 
may  therefore  divide  the  stars,  with  respect  to  brightness, 
into  two  great  classes. 

Luoid  Stars  are  those  which  are  visible  without  a  tele- 
scope. 

Telescopic  Stars  are  those  which  are  not  so  visible. 

When  Galileo  first  directed  his  telescope  to  the  heav- 
ens, about  the  year  1610,  he  f>erceived  that  the  Milky 
Way  was  composed  of  stars  too  faint  to  be  individually 
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seen  by  the  unaided  eye.  We  thus  liave  the  interesting 
fact  tliiit  altliough  telescopic  stars  cauiiot  he  seen  one  b; 
one,  yet  in  the  regiun  of  the  Milky  Way  they  are  so  numer- 
ous that  they  sliiue  in  mosses  like  brilliant  clouds.  Hrr-' 
OHKNS  in  Ifiofj  resolved  a  largo  portion  of  the  Galaxy  u 
stars,  and  concluded  that  it  was  comiwaed  entirely  of  I 
Kei'lkr  considered  it  to  be  a  vast  ring  of  etars  snrronnd- ' 
ing  the  solar  system,  and  remarked  that  the  snii  most  be 
situated  near  the  centre  of  the  ring.  This  view  agree* 
very  well  with  the  one  now  received,  only  that  tlic  st*is 
which  form  the  Milky  Way,  instead  of  lying  around  the 
solar  system,  are  at  a  distance  so  vast  as  to  elude  all  onr  1 
powers  of  culculation. 

Such  are  in  brief  tlie  more  salient  phenomena  which 
are  presented  to  an  observer  of  the  starry  heavens.  We 
shall  now  consider  how  these  phenomena  have  been  clas- 
sitied  by  an  arrangement  of  the  stars  according  to  their 
brilliancy  and  their  situation. 


g   2.    MAQNTTUDES  OF   THE    STABS. 

In  ancient  times,  the  stars  were  arbitrarily  classified  into 
six  orders  of  magnitude.  The  fourteen  brightest  visible  in 
our  latitude  were  designated  as  of  the  first  magnitude,  while 
those  which  were  barely  visible  to  the  naked  eye  were  said 
to  be  of  the  sixth  magnitude.  Tins  classilication,  it  will 
be  noticed,  is  entirely  arbitrary,  since  there  are  no  two 
stars  which  are  absolutely  of  the  same  brightness,  while  if 
all  the  stars  were  arranged  in  the  order  of  their  actnal 
briUiancy,  we  should  find  a  regular  gradation  from  the 
brightest  to  the  faintest,  no  two  being  precisely  the  sante. 
Therefore  tlie  brightest  star  of  any  one  magnitude  is 
about  of  the  same  brilliancy  with  the  faintest  one  of  the 
next  higher  magnitude.  It  depends  upon  the  judgmeot 
of  the  observer  to  what  magnitude  a  given  star  shall  be 
assigned  ;  so  that  we  caimot  expect  an  agreement  on  this 
point.     The  most  recent  aud  careful  division  into  niagoi- 
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ludes  lias  been  made  by  IIeib,  of  Germany,  whose  results 
with  respect  to  numbers  are  as  follows.  Between  the 
North  Pole  and  35°  south  declination,  there  are  ; 

14  stars  of  the  first  magnitude. 

48     "       "        second      " 

152     "       "       third        " 

313     "       "       fourth       " 

854     "       "        fifth  " 

3974     "       "        sixth         " 


5355  of  the  first  six  magnitudes. 

Of  these,  however,  nearly  2000  of  tlie  sixth  magnitude 
are  so  faint  that  they  can  be  seen  only  by  an  eye  of  extra- 
ordinary keenness. 

In  order  to  tectire  a  more  accurate  classification  and  expression  of 
hrightness,  Heir  and  nthc^rs  have  divided  each  magnitude  into 
three  orders  or  suit-magnitudes,  making  eighteen  orders  in  all 
Tisiblc  to  the  nuked  eye.  When  a  star  was  considered  as  falling  be- 
tween two  magnitudes,  l)oth  figures  were  written,  putting  the  mag- 
nitude to  winch  the  star  most  nearly  approached  first.  For  in- 
stance, the  faintest  stars  of  the  fourth  ningTiitude  were  called  4'5. 
The  next  onlcr  below  this  would  Im;  the  brightest  of  the  fifth 
magnitude  ;  these  were  called  .'S-4.  The  stars  of  the  average  fifth 
magnitude  were  called  5  simply.  The  fainter  ones  were  called  5-6, 
and  so  on.  Thu  notation  is  still  used  by  some  astronomers,  but 
those  who  aim  at  greater  order  and  precision  express  the  magni- 
tudes in  tenths.  For  instance,  the  brightest  stars  of  the  fifth  magni- 
tude they  would  call  4-8,  those  one  tenth  fainter  4-7,  and  so  on 
until  they  reached  the  average  of  the  fifth  magnitude,  which 
would  be  5'0.  The  division  into  tenths  of  magnitudes  is  as  mi- 
nute a  one  as  the  practised  eye  is  able  to  make. 

This  method  of  designating  the  brilliancy  of  a  star  on  a  scale  of 
magnitudes  is  not  at  all  accurate.  Several  attempts  have  been 
made  in  recent  times  to  obtain  more  accurate  determinations,  by 
measuring  the  light  of  the  stars.  .\n  instrument  with  which  this 
can  be  done  is  called  a  photonuter.  The  results  obtained  with  the 
photometer  have  been  used  to  correct  the  scale  of  magnitudes 
and  make  it  give  a  more  accurate  ixprcasion  for  the  light  of  the 
stars.  The  study  of  such  measures  snows  that,  for  the  most  part, 
the  brightness  of  the  stars  increases  in  genmeirical  progression  as 
the  magnitudes  vary  in  arithmetical  progression.  The  stars  of  one 
magnitude  are  generally  about  3^  times  as  bright  as  those  of  the 
magnitude  next  Delow  if.     Therefore  if  we  take  the  light  of  a  star 
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of  the  sixth  magnitude,  which  is  juBt  visible  to  the  naked  ay^  ■ 
unity,  we  ehall  liavc  the   foUowiug  scale  : 

Magnitude  Gth,  brightness      1 
5th,  "  2^ 

<•  4th,  "  6i 

•'  8d,  "  16  nearly 

"  2d,  "  40 

"  Ist,  "  100 

Therefore,  according  to  these  estimntes,  an  average  star  of  ibi 
Brst  msignitude  ia  about  100  times  as  bright  as  one  of  the  axtk. 
There  is,  however,  a  deviation  from  this  scale  in  the  cMeof  tht 
brighter  magnitudes,  an  average  star  of  the  second  maj^nitod* 
being  perhajw  three  times  as  bright  as  one  of  the  third,  and  moft 
of  the  8t4irs  of  the  first  magnitude  brightt-r  tJmn  those  of  the  Mcnai 
in  a  yd  larger  ratio.  Indeed,  the  tirst  magnitude  stars  differ  » 
greatly  in  brightness  that  we  cannot  say  Jiow  bright  a  staadifd 
star  of  that  magnitude  really  is.  A'iriiw,  for  instance,  is  pnlMbly 
aOO  times  as  bright  as  a  sixth  magnitude  star. 

Tlie  logarithm  of  21  being  very  nearly  0-40,  we  can  readily  Sad 
how  m.iny  stars  of  any  one  magnitude  are  nefe«»sary  to  make  one o( 
the  higher  magnitude  by  multiplying  the  difference  of  the  BMOi- 
tude  by  0-40,  and  taking  the  number  corrcsiwjnding  to  this  logari^M. 

This  scale  will  enable  us  to  calculate  in  a  rough  way  the  naoi- 
tude  of  the  smallest  stars  which  can  be  seen  with  a  telescope  of  givta 
aperture.  The  quantity  of  light  which  a  telescope  admits  is  dinctlj 
aa  the  sf^uare  of  its  aperture.  The  amount  of  hght  emitted  by  tht 
faintest  star  visible  in  it  is  therefore  inversely  as  this  square.  If  *» 
increase  the  aperture  50  \yer  cent,  we  increase  the  seeing  power  of 
our  telcscoj)e  abuiit  oae  magnitude.  More  exactly,  the  ratio  of  »■ 
crease  of  aperture  is  »  2J,  or  1-58.  The  pupil  of  the  eye  is  profaal)!; 
equivalent  to  a  telescope  of  about  }  of  an  inch  in  apiertnrr  ;  tint 
is,  in  a  telescoite  of  this  size  the  faintest  visible  star  would  hv  •Unit 
of  the  sixth  magnitude.  To  find  the  exact  magnitude  uf  Um 
faintest  star  visible  with  a  larger  telescope,  we  recall  that  the 
quantity  of  light  received  by  the  objective  is  pro|K>rtionnl  to  tht 
scjuare  of  the  a]>erture.  As  just  shown,  every  time  Wf  multiply  th« 
square  of  the  aperture  by  2i,  or  the  o|)erture  itself  by  the  aquan 
root  of  this  quantity,  we  add  one  magnitude  to  the  jx)»rer  of  oar 
telescope.  Therefore,  if  we  call  a,  the  aperture  of  a  telescope 
which  would  jiLst  show  a  star  one  magnitude  brighter  than  tw 
first  (or  mag.  0),  the  aperture  necessary  to  show  a  star  of  magtulad* 
m  will  be  found  by  multiplying  n,  by  I '58  vt  times — that  ia,  it  will 
bo  1.58™  a,.     So,  calling  a  this  aperture,  we  have  : 

a  =  1-58"  n.  =  a,  ♦'2-5-. 

Taking  the  logarithms  of  both  sides  of  the  equation,  and  oainip 
proxhnRto  roimd  numlierg  which  are  exact  enough  for  thia  porpuaa  : ' 

log.  a  =  m  lo({.  1  -58  +  log.  a.  =  ^  log.  2-5  +  log.  (>•  =  ^  +  iog.i 
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Now,   as  juBt  found,  when   m  ■=  0,   a  =  0'*-25  =  6-4  millimetreR. 
With  these  values  of  a  und  m  we  And  : 

log.  a,  =  —  1-803  in  fractions  of  ao  inch. 

=  —  0'397  in  fractinns  of  a  niilliinetre. 

Hence,  when  tlie  magnitude  ia  given,  and  we  wish  (o  find  the  aperture  ■ 
log.  (I  =  —   —  1  -SOZ  [will  give  aperture  in  Inches.] 

log.  a  =  —  —  0-897  [will  give  apertare  In  millimetrea.j 
5 

If  the  apertare  is  fsiven,  and  we  require  the  liniitiDg  magnitude  . 

m  =  5  log.  a  +  9-0  [if  «  is  In  inches.] 

in  =  5  log.  a  -f-  20  [if  a  is  in  millinietres.] 

The  magnitudes  for  different  apertures  is  shown  in  the  following 
Uble: 


Aperture. 

JRnlmum 

nMiii. 

Aperture. 

FMMfa. 

Incbea. 
1-0 

Magnitude. 
9-0 

lDCb««. 

6-S 

Kaimltiida. 
18-1 

1 

5 

11-0 

70 

18-3 

2 

0 

10-5 

80 

18-5 

2 

5 

11  0 

9-0 

13  8 

8 

0 

11  4 

10  0 

14  0 

8 

S 

11-7 

11-0 

14-3 

4 

0 

13  0 

13-0 

14-4 

4 

5 

12  8 

15  0 

149 

6 

0 

12-5 

18  0 

15-8 

5 

5 

13-7 

2(50 

ISl 

e-0 

13-9 

84-0 

18  8 

§   3.    THE  CONSTELLATIONS  AND  NAIOS  OF  THE 

STAHS. 

The  earliest  astronoinere  divided  the  rtare  into  groups, 
called  conetellations,  and  gave  Bjieciul  proper  names  botli 
to  these  gnmjw  aitd  to  many  of  the  more  conspicnou.n 
stars.  We  have  no  record  of  the  process  by  whicli  thi« 
was  done,  or  of  the  considerations  which  le<l  to  it.  It  was 
long  before  the  commencement  i»f  history,  as  we  may  in- 
fer from  different  allusions  to  the  stars  and  constellations 
in  the  book  of  Job^  which  is  supposed  to  be  among  the 
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most  ancient  writings  now  extant.  We  have  evideuei 
that  more  tlian  3(>()0  years  before  the  commencement  of 
the  Christian  chronology  the  Btar  Sirius,  the  brightest  in 
the  heavens,  was  known  to  the  Egyptians  under  the  name 
of  Sothia.  A  returns  is  mentioned  by  Job  himself.  The 
seven  stars  of  tlie  Great  Bear,  so  conspicuous  in  oxir  nortb- 
ern  sky,  were  known  under  that  name  to  IIomek  and  He- 
8IOD,  as  well  as  the  group  of  the  Phuad4;s,  or  Seven  Stare, 
and  the  constellation  of  Oi-ion.  Indeed,  it  would  Been 
that  all  the  earher  civilized  nations,  Egyptians,  Chinese. 
Greeks,  and  Hindoos,  had  some  arbitniry  division  of  tlw 
surface  of  the  heavens  into  irregular,  and  often  fantastic 
shapes,  which  were  distinguished  by  names. 

In  early  times,  the  names  of  heroes  and  animals  were 
given  to  the  constellations,  and  these  desi^iations  have 
come  down  to  the  present  day.  Each  object  was  sup- 
posed to  be  painted  on  the  surface  of  the  heavens,  and  the 
stars  were  designated  by  their  position  upon  some  portion 
of  the  object.  The  ancient  and  niediffivtil  astronomcis 
would  speak  of  "  the  bright  star  in  the  left  foot  of 
Orion, "  "  the  eye  of  the  Bull, "  "  the  heart  of  the  ZiVwi, " 
"  the  head  of  Perseita,^''  etc.  These  figures  are  still  re- 
tained upon  some  star-charts,  and  are  useful  where  it  i« 
desired  to  comjiare  the  older  descj'iptions  of  the  coDstells- 
!  tions  with  our  modern  maps.     Otherwise  they  have  ceased 

tto  serve  any  purpose,  and  are  not  generally  found  on  nupft 
designed  for  astronomical  uses. 
The  Arabians,  who  used  this  clumsy  way  of  designating 
stars,  gave  special  names  to  a  large  number  of  tl»e  brighter 
ones.  Some  of  these  names  arc  in  common  use  at  the 
present  time,  iis  Ahhharan,  Fornal/umt,  etc.  A  few  other 
names  of  bright  stars  have  come  down  from  prehistoric 
times,  that  of  Ardurus  for  instance :  they  are,  how* 
ever,  gradually  falling  out  of  use,  a  system  of  nomencla- 
ture introduced  in  modern  times  having  been  substituted. 
In  16.54,  Bayer,  of  Germany,  mapped  down  the  constel- 
lations upon  charts,  designating  the  brighter  stars  of  each 
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oonsteUation  by  the  letters  of  the  Greek  alphabet.  When 
this  alphabet  was  exhausted,  he  introduced  the  letters  of 
the  Roman  alphabet.  lu  general,  the  brightest  star  was 
designated  \>y  the  first  letter  of  the  alphaliet  a,  the  next 
by  the  following  letter  /3,  etc.  Although  this  is  sontietimea 
supposed  to  ha%'e  been  his  rule,  the  Greek  letter  affords 
only  an  imperfect  clue  to  the  average  magnitude  of  a  star. 
In  a  great  many  of  the  constellations  there  arc  deviations 
from  t!ie  order,  the  brightest  star  being  (i ;  but  where  stars 
differ  by  an  entire  magnitude  or  nuire,  the  fainter  ones 
nearly  always  follow  the  brighter  ones  in  alphabetical  order. 

On  this  system,  a  star  is  designated  by  a  certain  Greek 
letter,  followed  by  the  genitive  of  the  Latin  name  of  the 
constellation  to  which  it  belongs.  For  example,  nr  Cani« 
Major  is,  or,  in  English,  a  of  tlio  Great  Dog,  is  the  desig- 
nation of  AVV/iM,  the  brightest  star  in  the  heavens.  The 
seven  stars  of  the  Great  Hear  are  called  a  Ur«OB  Majoris, 
P  UratB  Majoria,  etc.  Arcturu«  is  a  Boiitlti.  The 
reader  will  here  see  a  resemblance  to  our  way  of  designate 
ing  iiulividuals  by  a  Christian  name  followed  by  the  family 
name.  The  Greek  letters  fnrnieh  the  Cliristian  names  of 
the  separate  stars,  while  tlie  name  of  the  constellation  is 
that  ot  the  fiunily.  As  there  are  only  lifty  letters  in  the 
two  alphabets  nsed  by  Bayek,  it  will  be  seen  that  only  the 
lifty  brightest  stars  in  eai'h  constellation  cduld  lie  desig- 
nated by  this  methwl.  In  most  of  the  constellationB  the 
number  tluis  chosen  is  mucli  less  than  fifty. 

When  by  the  aid  of  the  telescope  niiiny  more  stars  than 
these  were  laid  down,  some  other  method  of  denoting 
them  becjime  necessary.  Fi.amstekd,  who  observed  be- 
fore and  after  17<i<i,  prepared  an  extensive  catalogue  of 
stars,  in  which  those  of  each  cmietellation  were  designated 
by  nunil)erB  in  tl»o  order  of  right  ascension.  These  num- 
bers were  entirely  independent  of  the  designations  of 
Bayer — that  is,  he  did  not  omit  the  Batkk  stars  from 
his  system  of  numbers,  liut  mmiVwred  them  as  if  they  had 
no  Greek  letter.     Hence  those  stare  to  which  Bayeb  ap- 
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plied  letters  have  two  designations,    tlie   letter  and  tbe 
number. 

Flamsteed's  nmubers  do  not  go  much  above  Uh) 
any  one  constellation — TauriM,  the  richest,  having 
When  we  consider  the  more  nunieroiia  minute  stars,  nu 
systematic  method  of  naming  tliem  is  possible.  The  sas 
can  be  designated  only  by  its  jwsition  iu  the  heavens,  of 
the  number  which  it  bears  in  some  well-known  oataloeue. 

§  4.    DESCRIPTION  OF  THE  CONSTEU^ATIOHS. 

The  aspect  of  the  starry  heavens  is  so  iilensine  tlws 
nearly  every  intelligent  person  desires  to  poeseaB  aomi 
knowledge  of  the  names  and  fonns  of  the  princiinl  «»• 
stellatioua.  Wc  therefore  present  a  brief  tieecriptioa  of 
the  more  striking  ones,  illustrated  bj  figures,  bo  fhftl  Ife 
reader  may  be  able  to  recognize  them  when  he  aeo  «>iyn 
on  a  clear  night. 

We  begin  with  the  constellations  near  the  polo 
they  can  be  seen  oii  any  clear  night,  while  the  sootlMir 
ones  can,  for  the  nio.'^t  ]):irt,  only  be  seen  during  frttv^ 
seasons,  or  at  certain  hours  of  the  night.  The  accompaor- 
ing  figure  show.s  all  the  stars  within  50°  of  the  pole  dowi 
to  the  fourfli  magnitude  inchisive.  Tlio  Koiiian  tuunenlt 
around  the  niargia  show  the  meridians  of  ri^lit  aeoetUMn. 
one  for  every  hour.  In  order  to  have  the  inup  iripiwiil 
the  northern  constellations  exactly  as  they  are,  ii  mnet  b* 
held  so  that  the  hour  of  sidereal  time  at  whicli  the  ohserrcr 
is  looking  at  the  licHavons  shall  bo  at  the  top  of  tlie  maa 
Supposing  tlie  olwerver  to  look  ut  nine  o'clock  in  theereD- 
ing,  the  months  around  tlie  margin  of  the  map  show  tlio 
regions  near  the  zenith.  He  has  therefore  only  to  IkiIcI 
map  with  tlie  month  upward  and  face  the  north,  when 
will  have  the  northern  heavens  as  they  appoar,  except 
that  the  stai-s  near  the  bottom  of  the  map  will  be  oat  oA 
by  tlie  liorizon. 

The  first  constellation  to  be  looked  for  is  Ur»a  JIfaJor 
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the  Great  Bear,  familiarly  known  m  "  the  Dipper."  The 
two  extreme  stare  in  this  confitellation  point  toward  tlie 
pole-star,  aa  ali-eady  explained  in  the  opening  chapter. 

Ursa  Minor y  sometimes  called  "  the  Little  Dipper,"  is 
the  constellation  to  which  the  pole-star  belongs.     Alwut 


FlO.    112  —MAP  OF  THE  NORTITEKN  CORBTEIAATIOJIB. 

15°  from  the  pole,  in  right  ascension  XV.  hours,  is  a  star 
of  the  second  magnitude,  /3  Orsa  Minorh,  al)rtut  as  bright 
as  the  pole-star.  A  curved  row  of  three  small  stars  lies 
between  these  two  bright  ones,  and  fonns  the  bundle  of 
tlie  supposed  dipper. 
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Cassiopeia,  or  "  the  Lady  iu  the  Chair,"  is  near  hour  I 
of  right  ascension,  on  the  opposite  side  of  the  pole-star 
from  Ursa  Major,  and  at  nearly  the  saiue  distance. 
The  six  hrighter  stars  are  supposed  to  bear  a  rode  resem- 
blance to  a  chair.  In  mythology,  Cassiopeia  was  the  qneen 
of  Cejfkeus,  and  in  the  uij'thological  representation  of  the 
constellation  she  is  eeated  in  the  chair  from  which  she  is 
issuing  her  edicts. 

In  Jiour  III  of  right  ascension  is  situated  the  constella- 
tion Pemeii^,  about  10°  further  from  the  pile  than  Cas- 
siopt'ia.  The  Milky  Way  pusses  through  these  two  cou- 
stellatioQS. 

Ijritfo,  the  Dragon,  is  formed  principally  i»f  a  long 
row  of  stars  lying  between  Ursa  Major  and  Ursf*  Minor. 
The  head  of  the  monster  is  formed  of  the  northernmost 
three  of  four  bright  stars  arranged  at  the  comers  of  a 
lozeugo  between  XVII  and  XVin  hours  of  right  iiscen- 
sion. 

Cepheus  is  on  the  opposite  side  of  Cussiopein  from 
Perseus,  lying  in  the  Milky  Way,  about  XXII  hours  of 
right  ascension.     It  is  not  a  brilliant  constellation. 

Other  constellations  near  the  polo  are  Caniihypartlaiijt, 
Lynx,  and  Lacerta  (^the  Lizard),  but  they  contain  only 
small  stars. 

In  describing  the  southeni  constellations,  wo  sluill  take 
four  separate  positions  of  the  starry  sphere  correspkridiiig 
respectively  to  VI  hours,  XII  hours,  XVIII  hours, 
and  0  hours  of  sidereal  time  or  right  ascension.  These 
hours  of  course  occtir  every  day,  but  not  always  at  con- 
venient times,  because  they  vary  with  the  time  of  the 
year,  as  explained  in  Chapter  I.,  Part  I. 

We  shall  first  suppose  the  oljserver  to  view  the  heavens 
at  VI  hours  of  sidereal  time,  which  occurs  on  Decem- 
ber 2l8t  about  midnight,  January  1st  about  11.30  |'.»l, 
Febniary  1st  aliout  D.ao  imi.,  March  1st  alwut  7.3<) 
P.M.,  and  so  on  through  the  year,  two  hours  earlier  every 
month.     In  this  position  of  the  sphere,  the  Milkj  Way 
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spans  the  heavens  like  an  arcli,  resting  on  the  horizon  be- 
tween north  and  north-west  on  one  side,  and  between 
south  and  south-east  on  the  other.  We  shall  first  describe 
the  constellations  which  lie  in  its  course,  beginning  at  the 
north,  t'epheuis  is  near  the  north-west  horizon,  and  above 
it  is  C'a«giopem,  distinctly  visible  at  an  altitude  nearly 
equal  to  that  of  the  pole.  Next  is  I'emt'iiK,  just  north- 
west of  the  zenith.  Above  Persma  lies  Aurit/a,  the 
Charioteer,  which  may  be  recognized  by  a  bright  stJir  of 
the  first  inagin'tude  called  Cap^lUi  (the  Goat),  now  quite 
near  the  zenith.  Auriiju  is  represented  as  holding  a 
goat  in  his  anns,  in  the  Wdy  of  which  the  star  is  situated. 
About  10°  east  of  Caj>cUai&  the  iinr  Q  AurigtB  of  the 
second  niagTiitude. 

Going  further  south,  the  Milky  Way  next  passes  between 
Taurus  and  (tfntinl. 

Taurus,  the  Bidl,  may  Iw  recognized  by  the  PUidden, 
or  "  Seven  Stars."  Really  there  are  only  six  stars  in  the 
group  clearly  visible  to  ordi- 
nary eyes,  and  any  eye  strong 
enough  to  see  seven  will  prob- 
ably see  four  others,  or  eleven 
in  all.  This  group  forms  an 
interesting  object  of  study 
with  a  small  tole8co{)e,  as  sixty 
or  eighty  stars  can  then  readily 
be  seen.  Wo  therefore  pre- 
sent a  telescopic  view  of  it, 
the  six  large  stars  being  thrjse 
visible  to  any  ordinary  eye, 
the  five  next  in  size  those 
which  can  be  seen  b}'  a  re- 
markably good  eye,  and  the 
others  those  which  require  a  telescope.  East  of  the  Pleia- 
des is  the  bright  red  star  Afdebaran,  or  "  the  Eye  of 
the  Bull."  It  lies  in  a  group  called  the  l/ytules,  ar- 
langcd  in  the  form  of  the  letter  V,  and  forming  the  face 
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of  the  Bull.  In  the  middle  of  one  of  the  legs  of  the  V 
will  be  seen  a  beiiutifi)]  pair  of  stare  of  the  fourth  iiia^i- 
tude  verj'  clo«e  together.     They  are  called  w   T'auri. 

Gemini,  the  Twine,  lie  east  of  the  Milky  Waj,  and 
may  be  recognized  by  the  bright  stars  Va^tor  Jind  P'tthix, 
which   lie  20'^  or  3(1°  south-east  or  south  of  the  zeuith. 
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Fro.    114. — THE  CONSTELLATION   OBION. 

They  are  about  5°  apart,  and  Pottux,  the  sonthommort 
one,  is  a  little  brighter  than  Ca»tor. 

Orion,  the  most  brilliant  constellation  in  the  licavens, 
is  very  near  the  meridian,  lying  south-east  of  Tatirua  and 
south- west  of  Gemini.  It  may  l)e  readily  recognited  by 
the  fignrc  which  we  give.     Four  of  ita  bright  stare  form 
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tlie  comers  of  a  rectanj^le  iihout  15"  long  from  north 
to  south,  and  5""  wide.  In  tlic  middle  of  it  is  a  row  of 
three  bright  stars  of  tlte  second  magnitude,  which  no  one 
can  fail  to  recognize.  Below  tliis  is  another  low  of  three 
eniallcr  ones.  The  middle  star  of  this  last  row  is  called 
6  Orionis,  and  is  situated  in  the  midst  of  the  great  nebula 
of  Orion,  one  of  the  most  remarkable  telescopic  objects  in 
the  heavens.  Indeed,  to  the  naked  eye  this  star  has  a 
nebulous  liazy  appearance.  The  two  stars  of  the  first 
magnitude  are  n  Orioni/>,  or  BeteltjiieHe,  which  is  the  high- 
est, and  may  be  recognized  by  its  red  color,  and  IHyd, 
or  ft  Orioni/t,  a  sparkling  white  star  h)wer  down  and  a 
little  to  the  west.  The  former  is  in  the  shuulder  of  the 
figure,  the  latter  in  the  foot.  A  little  north-west  of 
Hettl/jiu'se  ore  three  small  stars,  which  form  the  head. 
The  row  of  stars  on  the  west  form  his  arm  and  club,  tho 
latter  being  raised  as  if  to  strike  at  Taiirtu),  tiie  Bull,  on 
the  west. 

6'«nM  Minovy  the  Little  Dog,  lies  across  the  Milky 
Way  from  Orion,  and  may  be  recognized  by  the  bright 
stai"  Procyon  of  the  first  magnitude.  The  three  stars 
Pfilhix,  Prooynn,  and  BeUhjuntte  form  a  right-angled  tri- 
angle, the  right  angle  being  at  Pnmjon. 

Vanin  Major,  the  Great  Dog,  lies  south-east  of  Orion, 
and  is  easily  recognized  by  Siriuji,  the  brightest  fixed  star 
in  the  heavens.  A  number  of  bright  stars  south  and 
Bonth-east  of  Sirius  belong  to  this  constellation,  making 
it  one  of  great  brilliancy. 

ArffO  Nutria,  the  ship  Argo,  lies  near  the  south  horizon, 
partly  above  it  and  partly  l)elow  it.  Its  brightest  star  is 
CatMpu-a,  which,  next  to  Siriun,  is  the  brightest  bUut  \a 
the  heavens.  Being  in  53^  of  south  declination,  it  never 
rises  to  an  oliserver  within  53°  of  tlie  North  Pole — that  is, 
north  of  37°  of  north  latitude.  In  our  country  it  is  \T8i- 
ble  only  in  the  Southern  States,  and  even  there  only 
between  six  and  seven  hours  of  sidereal  time. 

We  next  trace  out  the  zodiacal  constellations,  which  are 
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of  interest  because  it  is  through  them  that  the  sun 
in  its  apparent  annual  couree.     We  shall   commence 
the  west  and  go   toward  the  east,  in   the  order  of  right 
ascension. 

Aries,  the  Ram,  i?  in  the  west,  about  one  thin!  of  tlie 
way  from  the  liorizon  to  the  zenith.    It  may  be  recognized 
by  tliree  stars  of   the  second,  third,  and  fonrtli  magni- 
tude*,   re8i)ectively,   forming  an   obtuse-angled    triangle. 
The  brightest  star  is  tlie  highest.     Next   towanl   the 
is  Taurue,  the  Bull,  which  brings  us  nearly  to  the   ineri 
dian,  and  east  of  tlie  meridian  lies  Gemini,  the  Twins,  botl 
of  whicli  coHstcllntiuiis  hiive  just  been  described. 
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Via.   lis  — Xms  CONSTKLLATtON  VSO,  THE  uoir. 

Oaneer,  the  Crab,  lies  east  of  Gemini,  but  contains  no 

bright  star.  The  most  noteworthy  object  in  this  constel- 
lation is  Prtmepe,  a  group  of  telescopic  stars,  whidi  ap- 
pears to  the  nuked  eyo  like  a  spot  of  milky  light.  To  se« 
it  well,  tlie  night  must  be  clear  and  the  moon  not  in  the 
neighborhood. 

IjC<),  the  Lion,  is  from  one  to  two  hours  above  the 
enstem  horizon.  Its  brightest  star  is  RegiUiM,  one  third 
of  the  way  frtun  tlie  eastern  horizon  to  the  zenith,  asd 
between  the  first  and  second  magnitudes.  Five  or  six 
stars  north  of  it   in  a  curved  line  are  in  the  form  of  a 
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sickle,  of  which  Regulus  is,  the  liandle.  As  the  Lion  was 
drawn  among  the  old  constellations,  Reyulm  fomied  his 
heart,  and  was  therefore  called  Cor  Levnh.  The  sickle 
fonns  liifi  head,  and  his  bodj  and  tail  extend  toward  the 
horizon.  The  tail  ends  near  the  star  Denehola,  which  is 
quite  near  the  horizon. 

Leo  Minor  lies  to  the  north  of  Leo,  and  Sextan«,  the 
Sextant,  south  of  it,  hut  neither  contains  any  bright  stare. 

Eriilanus,  the  River  Po,  south-west  of  Orion  ;  Lepii«, 
the  Hare,  soutli  of  Orion  and  west  of  Cani«  Major ; 
Columha,  the  Dove,  south  of  Lepra,  are  constellations  in 
the  south  and  south-west,  which,  however,  have  no  strik- 
ing features. 

The  constellations  we  have  described  are  those  seen  at 
six  hours  of  sidereal  time.  If  the  sky  is  oFiserved  at  some 
other  hou^  near  this,  we  may  find  the  sidereal  time  by  the 
rule  given  in  Chapter  I.,  S  5,  p.  30,  and  allow  for  the  di- 
urnal motion  during  the  interval. 

Appearance  of  the  Constellations,  at  12  Hours  Sidereal 
Time. — This  hour  occurs  on  April  1st  .at  11. 3U  p.m.,  on 
May  1st  at  9.30  p.m.,  and  on  June  Ist  at  7.30  p.m. 

At  this  hour,  Vr»<i  Major  is  near  the  zenith,  and  Cassi- 
opeia near  or  below  the  north  horizon.  The  Milky  Way 
is  too  nciir  the  horizon  to  be  visible.  Orion  has  set  in 
the  west,  and  there  is  no  very  conspicnous  constellation 
in  till!  south.  Castor  and  Polhix  are  high  up  in  the 
north-west,  and  Procyon  is  about  an  hour  and  a  halt 
above  the  horizon,  a  little  to  the  south  of  west.  All  the 
constellations  in  the  west  and  north-west  have  been  previ- 
ously described,  Lao  being  a  Uttle  west  of  the  meridian. 
Three  zodiacal  coustellatione  have,  however,  risen,  which 
we  shall  describe. 

Virgo,  the  Virgin,  has  a  single  bright  star,  Spica, 
about  as  bright  as  Regulus,  now  about  one  hour  east  of 
the  meridian,  and  but  little  more  than  half  way  from  the 
zenith  to  the  horizon. 

Libra,  tlie  Balance,  ia  south-east  from  Virgo,  but  has 
no  conspicuous  stars. 
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Scorpiiu,  the  Scorpion,  is  just  rising  in   the  south 
but  is  not  yet  high  enough  to  be  well  seen. 

Jli/dra  is  a  very  long  constellation  extending 
CamU  Miiwr  in  a  south-cast  direction  to  the  south 
zon.  Its  brightest  star  is  a  Hydra,  of  the  second  i 
tude,  25°  below  lieyulus. 

CorvHS,  the  Crow,  is  south  of  FtVjiro,  and  may  be 
nized  by  four  or  five  stars  of  the  second  or  third   magni- 
tude, 15'^  south-west  from  Splra. 

Next,  looking  north  of  the  zodiacal  constellations,  we 
see  : 

Coma  Berenices,  the  Ilair  of  Berenice,  now  exactly  on 
the  nieridisui,  and  about  H>°  stmth  of  the  zenitli.  It  i*  a 
close  irregular  cluster  of  very  small  stars,  unlike  any  thing 
else  in  tin?  beavens.  In  ancient  mythology,  Berenice  had 
vowimJ  her  hair  to  Venus,  but  Jupiter  tuirried  it  away  from 
the  teinplo  in  which  it  was  deposited,  and  made  it  uito  a 
constellation. 

BootfX,  the  Bear-Keeper,  is  a  large  constellation  east  of 
Coma  Birenices.  It  is  marked  hy  Arcturu^i,  a  bright  but 
somewhat  red  star  of  the  iiret  magnitudej  about  20'^  cast 

of  the  zenith.  Bo<>ir«  is  repre 
sen  ted  as  holding  two  dogs  in  a 
leash.  These  dogs  are  cmlled 
Cinies  Venadct,  and  are  at  the 
time  supposed  exactly  in  our  «,•- 
nith  chasing  Ursa  Majar  around 
the  ])ole. 

Conma  BorecUui,  the  North- 
em  Crown,  lies  next  east  of 
Bootes  in  the  north-east  It  it 
a  small  but  extremely  beaotllTll] 
constellation.  Its  principal  stars  are  arranged  in  the  form 
of  a  pemieircular  chaj)l(;t  or  crown. 

Appearance  of  the  Conatellationa  at  18  Hours  of  Sid»- 
roal  Time. — This  hour  occurs  on  July  Ist  at  11.30  f.m., 
on  August  Ist  at  9.30  p.m.,  and  on  September  Ist  at  7.30 
v.u. 
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TEE  CONSTELLATIONS. 

In  this  position,  the  Milky  Way  seems  once  more  to 
span  the  heavens  lilie  an  arcli,  resting  on  the  horizon  in 
the  north-west  and  south-east.  But  we  do  not  see  the 
same  parts  of  it  whieii  were  visible  in  the  first  position  at 
six  hours  of  right  ascension.  CoMiopeia  is  now  in  the 
north -eajst  an<l  Urea  Major  has  passed  over  to  the 
west. 

Arcturvs  is  two  or  three  honrs  above  the  western  hori- 
zon. We  shall  coninieuce,  as  in  the  first  position  of  the 
sphere,  liy  describing  the  constellations  which  lie  along  on 
the  Milky  Way,  starting  from  Cassiopeia.  Above  Cassi- 
o/u-iu  we  have  Cepheiis,  and  then  LacerUi,  neither  of 
which  contains  any  striking  stars. 

Cyyntis,  the  Swan,  may  be  recognized  by  four  or  five 
stars  forming  a  cross  directly  in  the  centre  of  the  Milky 
Way,  and  a  short  distance  north-east  from  the  zenith. 
The  brightest  of  these  stars,  a  Cygni,  forms  the  northern 
end  of  the  cross,  imd  is  nearly  of  the  first  magnitnde. 

Lifra,  the  Ilarj),  is  a  beautiful  constelktion  soutli-west 
of  Cygnus,  and  nearly  in  the  zenith.  It  contains  the 
brilliant  star  t'cytf,  or  « 
Lyra,  of  the  first  mag- 
nitude, and  of  a  bluisli 
white  color.  South  of 
Vvya  are  four  stars  of 
the  fourth  magnitude, 
forming  an  oblicjue  par- 
allelogram, by  whicii  the 
constellation  can  be  read- 
ily rccogm'zed.  East  of 
Veffu,  and  about  as  far 
from  it  as  the  nearest  ^'«-  "7-'''""-  ™*=  "*•""• 
star  of  the  parallelogram,  is  t  Lyrce,  a  very  interesting 
object,  because  it  is  really  composed  of  two  stars  of  the 
fourth  magnitude,  which  can  be  seen  separately  by  a  very 
keen  eye.  The  power  to  see  this  star  double  is  one  of  the 
beet  testA  of  the  aeuteneee  of  one^e  vision  (see  Fig.  122). 


I 


432 


ASTRONOMY. 


FlO.    118. — AQUn.A,  DELPRI 
ND8,  AND    BAOITTi. 


Aquila,  the  Eagle,  is  the  next  etriking  constellation  in 

the  Milky  Way.     It  ifl  two  hours  east  of   the   meridian, 

and  about  midway  between  the 
zenith  and  horizon.  It  ie  readiljr 
ri'cognized  by  the  bright  star 
Altair  or  a  Aquilce,  sitaatod  be- 
tween two  smaller  ones,  the  OM 
of  the  third  and  the  other  of  the 
luurtli  magnitude.  The  row  of 
three  stars  lies  in  the  centre  of 
the  Milky  Way. 

tSagitta,  the  Arrow,  is  a  verr 
small  constellation,  formed  of 
three  stars  immediately  north  of 
Aqvila. 

DelpMnus,  the  Dolphin,  ie  a 

striking  little  constellation  north-east  of  Aguiia, 

nizod  by  four  stars  in  the  forni  of  a  lozenge.     It  is 

iarly  called  "Job's  Coffin." 

In  this  position  of  tlie  celestial  sphere  three  new  zodia- 
cal constellations  have  arisen. 
Scorpliis,     the    Scorpion, 

already  nientidned,  now  two 

hours  west  of  the  meridian, 

:md   about    .30°    above    tlte 

liorizou,  i.s  (juite  a    brilliant 

eonstellatiou.  It  coiituius  An- 

tarM,  or  a  Scorpii,  a  red- 
dish star  of   nearly  the  first 

magnitude,   and  a  Imig  t-urv- 

ed  row  of  stars  west  of  it. 
.Sagittal'! UK,    the    Archer, 

comprises  u  large  collection 

of  second  magnitude  stars  in 

and   near   the   Milky   Way, 

and  now  very  near  the  meridian. 

form  the  arrow  of  the  archer. 


Fig. 


119.— SCORPIU*. 
PICK. 


TBX    SOOR- 


The  westerimiost  stars 


THE  CONSTELLATIONS. 


438 


Caprieornns,  the  Goat,  is  now  in  tlic  sonth-east,  Jint 
contains  no  bright  stars.  Aquariiw,  tlic*  Water-liejirer, 
wbicb  has  juet  risen,  and  Pi«c€8,  tbe  Fisbcs,  wbicb  have 
partly  riKcn,  contain  no  striking  objects. 

Ophluchns,  tlie  Serpent- bearer,  is  a  very  large  constel- 
lation north  of  Sc&rptus  and  west  of  the  Milky  Way. 
Op/iinc/ius  holds  in  his  hands  nn  ininiensc  eer])ont,  lying 
with  its  tail  in  an  opening  of  the  Milky  Way,  sontb-west 
of  Aquila,  while  its  bead  and  body  are  fonncd  of  a  col- 
lection of  stars  of  tbe  third  and  fourth  magnitudes,  ex- 
tending north  of  ikorpius  nearly  to  Bootes. 

Jleicules  is  a  very 
large  constellation 
between  Co  r  o  n  a 
JBorealU  and  Lyni. 
It  is  now  in  tbe 
zenith,  bat  contains 
no  bright  stars.  It 
has,  however,  a 
number  of  interest- 
ing telescopic  ob- 
jects, among  them 
the  great  cluster  of 
Hereitles,  barely 
visible  to  the  naked 
eye,  but  containing 
an  almost  countless  mass  of  stars.  The  head  of  Ihaco, 
already  described,  is  just  north  of  Ilerailf«. 

Constellations  Visible  at  0  Hours  of  Sidereal  Time.  -- 
This  time  will  occur  on  October  1st  at  11.30  p.m.,  on 
November  1st  at  9.30  p.m.,  on  December  Istat  7.30  p.m., 
and  on  January  1st  at  5.30  p.m. 

In  this  position,  the  Milky  Way  appears  resting  in  the 
east  and  west  horizons,  but  in  the  zenith  it  is  inclined 
over  toward  the  north.  All  the  constellations,  cither  in 
or  north  of  its  couree,  are  among  those  already  described. 
We  shall  therefore  consider  only  those  in  the  south. 


PlO.   120. — BAOITTABinS,  THK  ABCHEB. 
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Pegasus,  the  Flying  Horse,  is    distin^iiBbed  bj  f( 
stare  of  tlie  second  magnitude,  which  form  a  lar;ge  eq 
about  15°  on  each  side,  called  the  square  of  Pegasus. 
eaeteni  side  of  this  square  is  almost  exactly  on   the 
dian. 

Andromeda  \&  diBtinguished  by  a  row  of  three  or  f( 
bright  Btars,   extonding  from    the  north-east   ooRwr 
Pegasus,  in  the  direction  of  Perseus. 

Cetus,  the  Wliale,  is  a  large  constellation  in  the  aontk 
and  south-east.  Its  briglitest  star  is  fi  Ceti^  8tan<lin| 
alone,  3U°  above  the  horizon,  and  a  littlo  east  uf  tiia 
meridian. 

Piscis  Australis,  the  Southeru  Fish,  lios  further  vm) 
than  Cetus.  It  lias  the  l>riglit  star  Potiiaihaut,  abool 
IS*^  above  the  liorizoii,  and  an  hour  west  of  the  lueridiaa. 

ISTTBCBERrNQ  AKD  CATALOGUTNa  THE  STABS. 

As  telescopic  power  is  increased,  we  still  find  stan  u( 
fainter  and  fainter  light.  But  the  number  cannot  go  o« 
increasing  forever  in  the  sanio  ratio  &»  with  the  tirigfataC 
magnitudes,  because,  if  it  did,  the  whole  sky  would  bet 
blaze  of  stiirlight. 

If  telesco]H!8  with  powers  far  exceetling  our  present  aiMl 
were  made,  they  would  no  doubt  show  now  stars  of  tbt 
20th  und  21st  magnitudes.  But  it  is  highly  probable  tint 
the  number  of  such  Buecessivu  orders  of  stars  would  nol 
increase  in  the  same  ratio  as  is  observed  in  the  8th,  9Ui, 
and  10th  magnitudes,  for  example.  The  enonnons  laiwr 
of  estimating  the  numl)cr  of  stars  of  such  classes  will  loQg 
prevent  the  accumulation  of  statistics  on  this  qaeedoo; 
but  this  much  is  certain,  that  in  special  regions  of  the  sky, 
which  have  been  searchingly  examined  b}'  varioua  tele* 
scopes  of  successively  increasing  apertures,  the  number 
new  stare  found  is  by  no  means  in  proportion  to 
increased  instrumental  power.  Thus,  in  the  central 
tions  of  the  nebula  of  Orion,  only  some  half  doxen  «i 
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have  been  foimd  with  the  Washington  26-inoh  refractor 
which  were  not  seen  with  the  Cambridge  15-incli, 
ahhougli  the  visible  inaf^itiiiJc  lias  been  extended  from 
IS™  ■  1  to  IB"" -3.  If  tins  is  found  to  be  true  elsewhere,  the 
conelufiion  may  he  that,  after  all,  the  stellar  system  can  be 
experimentally  sbowni  to  be  of  finite  extent,  and  to  contain 
only  a  finite  nimiber  of  stars. 


We  have  already  stated  thot  in  the  whole  sky  an  eye  of  Average 
power  will  see  about  0000  stura.  With  a  telescope  this  number  is 
greatly  iacreased,  and  the  mrmt  powerful  tck'scopcs  of  modern  times 
will  probably  show  more  thim  20,(100,000  stars.  As  no  trustworthy 
estimate  has  ever  lK*en  made,  there  is  great  uncertainty  upon  this 
point,  and  the  actual  number  may  range  anywhere  between 
15,000,000  and  40.  ODD, 000.  Of  this  number,  not  one  out  of  twenty 
has  ever  bwn  ditalogued  ut  uU. 

The  gradual  increase  in  the  number  of  stars  laid  down  in  various 
of  the  older  catalogues  is  exhibited  in  the  following  table  from 
CBAMBEmt'a  Deseriplice  Attruiunny  : 


COHITIIXA- 
TIOM. 

Plolrmr. 

B.C.  laa 

Tycho 
Bnhp. 

A.t).  IKU. 

BcTelliu.       Fl*malee<). 
A.D.  1600.         A.D.  low. 

1 

Bode. 

A.D.  leoo. 

Aries 

nn>a  Major.. 

BoCtea 

I^ 

Virgo 

Taurus 

Orion 

18 
35 
28 
35 
33 
44 
38 

21 
5« 
28 
40 
80 
48 
02 

27 
73 
53 
50 
90 
61 
02 

66 
87 
54 
05 
110 
141 
78 

148 
338 
310 
337 
411 
804 
304 

The  most  famous  and  extensive  series  of  star  observations  are 
noticed  Itelow. 

The  uranomctries  of  B.VTER,  Fi.amstked.  Aroelakder.  Heib,  and 
Got:LD  give  the  lucid  stars  of  one  or  both  hemispheres  lai<l  down 
on  maps.  They  are  supplemented  by  the  star  catalogues  of  other 
observers,  of  which  a  great  number  hus  been  j)»bli»Ued.  These  laat 
were  undertaken  mainly  fur  the  determination  of  .star  positions,  but 
they  usually  give  as  an  auxiliary  datum  the  magnitude  of  the  .^tar 
observed.  AVhen  they  are  carried  so  far  as  to  cover  the  heavens, 
they  will  afford  valuable  data  as  to  the  distribution  of  stars 
throughout  the  !<ky. 

The  moftt  complete  catalogue  of  stars  yet  constnicted  is  the 
DurehmutteniiDi  Jet  yiirdlirlifii  (jrntiriittn  Uiminfh,  the  joint  work 
of  Ahqelakder  and  his  amistiint.i,  Kntohii  and  HcuteFKLD.  It 
embraces  all  tbe  sUn  of  the  lirst  nine  magnitude*  from  the  North 
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Pole  to  2'  of  south  declination.  This  work  was  hegrun  in  ISSS^j 
at  its  completion  a  catalogue  of  the  approximate  places  of  I 
than  314,020  stare,  with  a  series  of  stjir-mups,  giving  the  t 
the  northern  heavens  for  1855,  was  published  for  the  use  of  i 
mers.  Ajioklander's  original  plan  was  to  carry  this  I>t,reAmti 
as  far  us  23"  south,  so  that  every  star  visible  in  a  small  comet 
of  2|  inches  aperture  should  be  registered.  Ilis  original  plan 
abandoned,  but  bis  former  assistant  and  present  successor  at  th* 
observatory  of  Bonn,  Dr.  ScuONrELO,  is  now  engaged  in  ezecutiog 
this  imjiortnnt  work. 

Tlie  Catalogue  of  Stars  of  the  British  Association  for  the  Ad- 
VHQCement  of  Science  contains  8377  stars  in  both  hemispheres,  tuul 
givt's  nil  the  stars  visible  to  the  eye.  It  is  ^ell  adapted  to 
learn  the  une<iual  distribution  of  the  lucid  stars  over  the  celestial 
sphere.     The  table  on  the  opposite  page  is  formed  from  its  data. 

From  this  tabic  it  follows  that  the  southern  sky  has  many  mor* 
stars  of  the  flr.tt  seven  magnitudes  than  the  northern,  and  that  tbe 
zones  immt'diatcly  north  and  south  of  the  Equator,  although  greater 
in  surface  than  any  others  of  the  same  width  in  declination,  an 
absolutely  poorer  in  such  stars. 

The  meaning  of  the  table  will  be  much  better  understood  by  ( 
suiting  the  graphical  representation  of  it  on  page  438,  by  Pb 
On  tbis  chart  are  laid  down  all  the  stars  of  the  British  Asso 
Catalogue  (a  dot  for  each  star),  and  beside  these  the  Milky 
represented.     The  relative  richness  of  the  various  zones  can  ' 
once  seen,  and  perhaps  the  sc«le  of  the  map   will  allow  the  stu 
to  trace  also  the  zone  of  brighter  stars  (lst-8d  magnitude),  wh 
inclined  to  that  of  the  Milky  Way  by  a  few  degrees,  and  is  approz* 
imately  a  great  circle  of  the  sphere. 

The  distribution  and  number  of  the  brighter  stars  (1st- 7th  mic- 
nitude)  can  be  well  understood  from  this  chart. 

In  Akoelander's  Durchmuaterung  of  the  stars  of  the  northern 
heavens,  there  are  recorded  as  belonging  to  the  northern  beni- 
spberc  : 


Wa 


37 

128 

SIO 

1.016 

4,326 

13,503 

67.960 

837,544 


10  stars  between  the  1-0  magnitade  and  the  1  -9  magnitadcL 


30 
80 
4  0 
50 
00 
70 
8-0 
00 


2-9 
30 
4  0 
5-9 
6-9 
79 
8-9 
9.JS 


In  all  314,ti2ft  stars  from  the  first  to  the  0-5  magnitadcs  are  enq- 
merated  in  the  northern  sky,  so  that  there  are  about  000,000  in  tb« 
whole  heavens. 

We  may  readily  compute  the  amount  of  light  received  by  tlM 
earth  on  a  clear  but  moonless  night  fiom  these  stan.    Let  us 


CHAPTER   II. 

VARIABLE  AND  TEMPORARY  STARS. 
e  1.  STAHS  aEQUTiAHIiY  VARIABLE. 

All  stars  do  not  shine  with  a  constant  light.  Since 
the  middle  of  the  seventeenth  century,  stars  variable  in 
brilliancy  have  been  known,  and  there  are  also  stars  which 
periodically  change  in  color.  The  period  of  a  variable  star 
means  the  interval  of  time  in  which  it  goes  tlirougii  all  its 
changes,  and  returns  to  the  same  brilliancy. 

The  most  noted  variable  stars  arc  Mira  Ceti  (o  Cetx) 
and  Alf/ol  (/S  Persei).  Mini  appears  about  twelve  time* 
in  eleven  years,  and  remains  at  its  greatest  brightneae 
(sometimes  as  high  as  the  2d  magnitude,  sometimes  not 
above  the  -ttli)  for  some  time,  tlien  gradually  decreases  for 
about  74  days,  iinti!  it  becomes  invisible  to  the  naked  eye, 
and  so  remains  for  about  five  or  six  months.  From  the 
time  of  its  reappearance  as  a  lucid  star  till  the  time  of  its 
maximum  is  about  43  days  (IIeis).  The  m^aii  period,  or 
the  interval  from  mininunn  to  minimum,  is  about  333 
days  (Abgelandi-ib),  but  this  period,  as  does  the  maxi- 
mum light,  varies  greatly. 

Algol  has  been  known  as  a  variable  star  since  1667.  Its 
period  is  about  3*  20''  49"",  and  is  supposed  to  be  from 
time  to  time  subject  to  slight  fluctuations.  This  star  is 
commonly  of  the  2d  magnitude ;  after  remaining  so 
about  2|  days,  it  falls  to  4™  in  the  short  time  of  4-J  hours, 
and  remains  of  4"°  for  20  minutes.  It  then  commences 
to  increase  in  brilliancy,  and  in  another  34  hours  it  is 
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again  of  the  2d  magnitude,  at  which  point  it  remainfl  for 
the  remainder  of  its  period,  alxiut  2"'  I'i*". 

These  two  examples  of  the  class  of  varialtle  stare  give  a 
roHgli  idea  of  the  extraordinjiry  nature  of  tlie  plienoniena 
tliey  present.  A  closer  examination  of  others  discloses 
minor  variations  of  great  complexity  and  apparently  with- 
out law. 

The  following  are  some  of  the  more  prominent  vari- 
able stars  visible  to  the  naked  eye : 


Mavs. 

B.A. 

itno. 

Dcdlii«(lon, 

lerjo. 

Period. 

CTjinge*  of 
MagDiUide. 

/?  Perael 

i  Cflpliei 

n  AquilsB 

li  l-yne 

a  Herculli.. . . 

0  CVti 

V  Hydne 

n  Arf^ua 

h.       m,       «. 

2  50    43 
23    24    21 
19    4.'-.    61 
18    4.'5    17 
17      8    43 

3  13    47 
13    22    37 
10    40      2 

-f40    27-2 
-t-  57    43-0 
-f-    0    40-4 
-1-  38     12-7 
+  U    83-4 

-  3    841 

-  22     30-4 
-00      01 

d. 

2-86 
5-3« 
7-17 
13-91 
88-5 
830-0 
436-0 
70  years. 

from         to 
2*           4 
3-7        4-8 
3-6        4-7 
3*         4* 
81        30 

3  10 

4  10 
1            li 

About  90  variable  stars  are  well  known,  an<l  ns  many 
more  are  suspectt-d  to  vary.  In  nearly  all  cases  the  mean 
period  can  be  fairly  well  determined,  though  anomalies  of 
various  kinds  frei^ueutly  appear.  The  principal  anomalies 
are  : 

First.  The  period  is  seldom  constant.  For  some  stars 
the  changes  of  the  |)eriod  seem  to  follow  a  regular  law  ; 
for  others  no  law  can  be  fixed. 

Second.  The  time  from  a  minimum  to  the  next  maxi- 
mum is  usually  shorter  than  from  this  maximum  to  the 
next  minimum. 

Third.  Some  stars  (as  /?  Lyroi)  hare  not  only  one  max- 
imiun  between  two  consecutive  principal  minima,  but 
two  such  maxima.  For  /3  Lijrcp,  according  to  Aroelan- 
DKE,  S"*  2'"  after  the  principal  minimum  comes  the  first 
maximum  ;  then,  3''  7''  after  this,  a  secondary  minimntn  in 
which  the  star  is  by  no  means  so  faint  as  in  the  principal 
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minimiun,  and  finally  3"*  3"^  afterward  comes  the  principal 
maximum,  tLo  whole  periixl  being  12'*  ai""  4?*.  Tin 
courae  of  one  period  is  illustrated  below,  supposing  tbe 
period  to  begin  at  O**  O**,  and  opposite  each  phase  ia  givaa 
the  intensity  of  light  in  tenns  of  ;'  LyrcB  =  1,  accordiqg 
to  pbotoiiietric  measures  by  Klein. 


PbaM. 

Principal  Minimum 0* 

First  Maiimuui 3* 

Second  Minimum 0* 

Principal  Maximum f*' 

Princi[>al  Minimum ti'' 


0» 

la* 

22- 


0-40 
0-8S 
0-S8 
0801 
040  ' 


The  periods  of  94  well-determined  variable  stars  beiog 

tabulated,  it  appears  that  they  are  as  follows  : 


Period  beiweea 

No,  or  Slats. 

Period  between 

No.  of  am 

1  d.  and    SO  d. 
SO               50 
00              100 
10»             150 
100             200 
»9             250 
MB             300 
800             350 

13 
1 

4 
4 
5 
9 
14 
18 

350  d.  and  400  d. 
400             450 
450             000 
MO             SSO 
SOO             600 
000             650 
650              700 
700             760 

la 

8 
8 

0 
0 

1 

0 

I 

Z  =»4 

It  ia  natural  that  there  should  be  few  known  variables 
of  periods  of  500  days  and  over,  but  it  is  not  a  little  re- 
markable tliat  the  periods  of  over  half  of  these  variables 
should  fall  between  250  and  if)0  days. 

The  color  of  over  80  per  cent  of  the  variable  stars  is  md 
or  orange.  Red  stars  (of  which  600  to  700  are  known) 
are  now  receiving  close  attention,  as  there  is  a  strong  like- 
lihood of  finding  among  them  many  new  variables. 

The  spectra  of  variable  stars  show  changes  which  ap- 
pear to  be  coimected  with  the  variations  in  their  light. 


TEMPORARY  STARS. 

Another  cImb  of  variations  oecurs  among  the  fixed  starft^namely, 
vnriotions  in  color,  either  with  or  without  corresponding  cliangea 
of  magnitude. 

In  the  Uranometry,  composed  in  the  middle  of  the  tenth  century 
by  the  Persian  astronomer  Ax  SCri,  it  is  stated  that  at  the  time  of 
hia  observation*  the  star  Al^l  was  reddish — a  term  which  he  aj>- 
plies  also  to  the  stars  Antart*,  Aldebaran,  and  some  others.  Most 
of  these  still  exhibit  a  reddish  aspect.  But  Algol  now  appears  as  a 
white  star,  without  any  sign  of  color.  Dr.  Klein,  of  Cologne, 
discovered  that  a  Urtit  MajorU  periodicaEy  changes  color  from  an 
intense  fiery  red  to  a  yellow  or  yellowish-red  every  five  weeks. 
Weder,  of  Pcckoluh,  has  observed  this  star  lately,  and  finds  this 
period  to  be  well  catablishcd. 

g  2.    TIMPOHAHY   OH    NEW   STABS. 

There  iire  a  few  eases  known  of  apparently  luno  stan 
which  have  suddenly  appeared,  attained  more  or  less 
brightnefifl,  and  slowly  decrcaaed  in  magnitude,  either  dis- 
apjK'ariiig  totally,  or  finally  remaining  as  comparatively 
faint  objet-t*. 

The  nioet  famous  one  was  that  of  1572,  which  attained 
a  Ijriglitness  greater  than  that  of  Sirius  or  JupiUr  and 
approitched  to  Venus,  being  even  visible  to  the  eye  in 
daylight.  Tycho  Brahe  first  observed  this  star  in  No- 
vember, 1572,  and  watched  it«  gradual  increase  in  light 
until  its  maximum  in  l)eceml>er.  It  then  began  to  diminish 
in  brightness,  and  in  January,  1573,  it  was  fainter  than 
Jupiter.  In  February  and  ^larch  it  was  of  the  Ist  mag- 
nitude, in  April  and  May  of  the  2d,  in  July  and  August  of 
the  3d,  and  in  October  and  November  of  the  4tli.  It  con- 
tinued to  diminish  until  March,  1574,  when  it  became  in- 
visible, as  the  telescope  was  not  then  in  use.  Its  color, 
at  first  intense  white,  decreased  through  yellow  and  red. 
When  it  arrive<l  at  the  5th  magnitude  its  color  again 
became  white,  and  so  remained  till  its  disapjiearance. 
Tvcuo  measured  its  distance  carefully  from  nine  stars  near 
it,  and  near  its  place  there  is  now  a  star  of  the  10th 
or  11th  magnitude,  which  is  possibly  the  same  star. 

The  history  of  temporary  stars  is  in  general  similar  to 
that  of  the  star  of  1572,  except  that  none  have  attained  so 
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great  a  degree  of  brilliancy.  More  than  a  score  of  snch 
objects  are  known  to  have  appeared,  many  of  them  before  ■ 
the  making  of  accurate  oljscrvations,  and  tlie  conclusion  is 
probablu  that  many  liave  ajipeared  without  rocognitiou. 
Among  telescopic  stars,  there  is  but  a  small  chance  of  de- 
tecting a  new  or  tem]>orary  star. 

Several  KitppoBcd  citses  of  tlie  disappearance  of  stars  ex- 
ist, Init  here  there  are  bo  many  possible  sources  of  error 
that  great  cautiun  is  necessary  in  admitting  tliem. 

Two  temporary  stars  ha\c  appeared  since  the  invention 
of  the  spectroscope  (1S51>),  iind  the  conchisioaB  drawn 
from  a  study  uf  their  Bi>eetra  are  most  important  as  tlirow- 
ing  liglit  upon  the  plienomena  of  variable  stars  in  general. 

The  iirst  of  tlicse  stars  is  tliat  of  ISGG,  called  T  CoroncB. 
It  was  first  seen  on  the  12th  of  May,  IStifi,  and  waa  then 
of  the  2d  magnitude.  Its  changes  were  followed  by  vari- 
ons  observers,  and  its  magnitude  found  to  diminish  as 
follows  : 
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By  June  7tli  it  liad  fallen  to  S^-O,  and  July  7th  it  was 
9"" -5.  ScHjnua's  observations  of  this  star  {T  Coroiioe), 
continued  up  to  1877,  show  that,  after  falling  from  the 
second  to  the  seventh  magnitude  in  nine  days,  its  light 
diminished  very  gradually  year  after  year  down  to  nearly 
the  tenth  magnitude,  at  which  it  has  remained  pretty  con- 
stant for  some  yeare.  But  during  the  whole  jwriod  there 
have  been  fluctuations  of  bnghtncss  at  tolerably  regular 
intervals  of  ninety-four  days,  though  of  successively  de- 
creasing extent.  After  the  first  sudden  fall,  there  seems 
to  have  been  an  Increase  of  brilliani^y,  which  Itrought  the 
star  above  the  seventh  magnitude  again,  in  October, 
1866,  an  increase  of  a  full  magnitude  ;  but  since  that 
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the  changes  have  been  much  smaller,  and  are  now  hut 
little  more  than  a  tenth  of  amaj^nitude.  The  color  ot  the 
star  has  been  pale  yellow  throughout  the  whole  course 
of  observations. 

The  apectroseopic  observations  of  tliis  star  by  IIi'ooiM*  and 
Miu.KH  Aliowfd  it  to  have  a  spectrum  thcti  absolutely  unique.  Tlio 
report  of  their  observations  says,  "  the  spectrum  of  this  object  is 
twofold,  showing  that  the  li^ht  by  wliich  it  sliine.s  has  emanated 
from  two  distinct  sources.  Tlie  princiiml  spectrum  is  analo^us 
to  that  of  the  sun,  and  is  formed  of  light  which  was  emitted  by 
an  incandescent  .'iolid  or  li(|uid  photosphere,  and  which  has  .suffered 
a  partial  absorption  by  passing  through  an  atmosphere  of  va|>ors  at 
a  lower  temperature  than  tlie  photosphere.  Superposed  over  this 
spectrum  *a  a  second  sjn'ctrum  consisting  of  a  few  bright  lines 
which  is  duo  to  light  wliich  baa  emanated  from  intensely  heated 
matter  in  the  state  of  gas." 

In  November,  1878,  Dr.  Schmidt  discovered  a  new  star  in  Cyg- 
nun,  whose  telescopic  history  is  similar  to  that  given  for  T  Corom^. 
When  discovered  it  was  of  the  3d  magnitude,  and  it  fell  rapidly 
below  visibility  to  the  naked  eye. 

This  new  star  iu  Cygnii*  was  observed  by  CoRsr,  Copeland,  and 
VooEL,  by  means  of  the  8pectroscoi>c  ;  and  from  all  the  observa- 
tions it  is  plain  that  the  hydrogen  tines,  at  first  prominent,  have 
gradually  fadwl.  With  the  di'crease  iu  their  brilliancy,  a  line 
corres|)onding  in  position  with  t!ie  brightest  of  the  lines  of  a  nebu- 
la has  strengthened.  On  Ducembcr  8th,  1876,  this  last  line  was  much 
fainter  than  F  (hydrogen  lino  in  the  solar  spectrum),  while  on 
March  2d,  1S77,  F  was  very  much  the  fainter  of  the  two. 

At  first  it  exhibited  a  continuous  spectrum  with  numerous  bright 
lines,  but  in  the  latter  part  of  1877  it  emitted  only  monochromatic 
light,  the  spectrum  consisting  of  a  single  bright  line,  corres|)ond- 
ing  in  position  to  the  characteristic  line  of  gaseous  ncbiihe.  The 
intermediate  stages  were  characterized  by  a  gradual  fading  out, 
not  only  of  the  continuous  ppectrum,  but  also  of  the  bright  lines 
which  crossed  it.  From  this  lact,  it  is  inferred  that  this  star,  which 
has  now  fallen  to  10'5  magnitude,  hiis  actually  become  a  planetary 
nebula,  aflording  un  instance  of  a  remarkable  reversal  of  the  pro- 
cess imagined  by  L.\  I'lach  in  his  nebular  theory. 


§  8.    THEORIES  OP  VAKIABLE  STABS. 

The  theory  of  variable  stars  now  generally  accepted  by  investi- 
gators is  founded  on  the  following  general  conclusions  : 

(1)  That  the  only  distinction  which  ran  be  made  between  the 
various  claaaes  of  stars  we  have  just  described  is  one  of  degree. 
Between  stars  as  regular  as  Alyul,  which  goes  through  its  period  in 
less  than  three  days,  and  the  sudden  blazing  out  of  the  star  de- 
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scribed  by  Tvcno  Biiaiig,  there  is  every  gradation  of  irri-guliir«y7 
The  otil;  distinction  that  can  bu  drawn  between  them  »  in  the 
length  of  the  period  and  the  extent  iind  regulnrity  of  the  changes. 
All  Huch  stars  must,  therefore,  for  the  present,  be  included  in  the 
single  clasa  of  vEtrinbles.  _ 

It  was  at  one  time  supjK)se<l  that  newly  created  stars  n|)pearodfl 
from  time  to  time,  and  Ihat  old  ones  sometimes  disappearcel  from™ 
view.  But  it  is  now  considered  that  there  is  no  well-established 
case  either  of  the  disa])pearance  of  an  old  star  or  the  creation  of  a^ 
new  one.  The  siip[K)sed  cases  of  disapjieurance  arose  from  ctito-fl 
loguers  accidentally  recording  stars  in  positions  where  none  existed.  ■ 
Subsequent  astronomers  finding  no  stars  in  the  place  concluded 
that  the  .star  had  vanished  when  in  reality  it  haa  never  existed. 
The  view  that  temporary  stars  ore  new  creations  is  disproved  bj"; 
the  rapidity  with  which  they  always  fade  awny  again. 

(2)  That  all  stars  may  be  to  a  greater  or  less  extent  variable  ; 
only  in  a  vast  majority  of  cases  the  variations  are  so  slight  as  to  be 
imperceptible  to  the  eye.  If  our  sun  could  be  viewed  from  the  dis- 
tance of  a  star,  or  if  we  could  actually  measure  the  amount  of  light 
which  it  transmits  to  our  eyes,  there  is  little  doubt  that  wo  should 
find  it  to  vary  with  the  presence  or  aljsencc  of  spots  on  its  surface. 
We  are  therefore  led  to  the  result  that  variability  of  light  may  be  a 
common  characteristic  of  stars,  and  if  so  wo  are  to  look  for  its 
cause  in  something  common  to  all  such  objects. 

The  simts  on  the  sun  may  give  us  a  hint  of  the  probable  cause  of 
the  variations  in  the  light  of  the  stars.  The  general  analogies  of  the 
universe,  and  the  observations  with  the  spectroscope,  nil  lead  us  to 
the  conclusion  that  the  physical  con.stitution  of  the  sun  and  .stars  Ls 
of  the  same  general  nature.  As  we  see  B(>nts  on  the  sun  which  vary 
in  form,  size  and  number  from  day  to  day,  so  if  we  could  take  a  suf- 
ficiently close  view  of  the  faces  of  the  stars  we  should  probably  sec 
Bjxjts  on  a  great  number  of  tlveni.  In  our  sun  the  spots  never  cover 
more  than  a  very  small  fraction  of  the  surface  ;  but  we  have  no 
reason  to  suppo.so  that  this  would  bo  the  caw  with  the  stars.  If 
the  spots  covered  a  large  portion  of  the  surface  of  the  star,  then 
their  variations  in  number  and  extent  would  cause  the  star  to  vary 
in  light. 

This  view  does  not,  however,  account  for  those  cases  in  which  the 
light  of  a  star  is  suddenly  iacrea.sed  in  amoiuit  hundreds  of  times. 
But  the  spectro-wopic  observations  of  T  CoroiKt  show  another 
analogy  with  operations  going  on  in  our  sun.  Mr.  IIuooiss's  ob- 
servations, which  we  have  already  cited,  seem  to  show  that  there 
was  a  sudden  and  extraordinary  outburst  of  glowing  hydrogen 
from  the  star,  which  by  its  own  light,  as  well  ns  by  heating  up  the 
whole  surface  of  the  star,  caxised  an  increase  in  its  brilliancy. 

Now,  we  have  on  a  very  small  scale  something  of  this  same  kind 
going  on  in  our  sun.  The  red  finmes  which  arc  seen  during  a 
total  eclipse  are  caused  by  eruptions  of  hydrogen  from  the  interior 
of  the  sun,  and  these  eruptions  are  generally  connected  with  the 
facutffi  or  portions  of  the  sun's  disk  more  brilliant  than  the  rest  of 
the  photosphere. 
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The  general  theory  of  variable  stars  which  has  now  the  most 
evidence  in  its  favor  is  tlvis  :  These  bodies  are,  from  some  general 
cause  not  fully  understood,  subject  to  eruptions  of  glowing  liydro- 
gen  gas  from  their  interior,  and  to  the  formation  of  dark  spots  on 
their  surfaces.  These  eruptions  and  formations  have  in  most  cases 
a  ffreater  or  less  tendency  to  a  regular  period. 

In  the  case  of  our  sun,  the  period  is  1 1  years,  but  in  the  case  of 
many  of  the  stars  it  is  much  shorter.  Ordinarily,  as  in  the  case  of 
the  sun  and  of  a  large  majority  of  the  stars,  the  variations  are  to4 
slight  to  affect  the  total  quantity  of  light  to  any  visible  extent. 
But  in  the  ca*ic  of  the  variable  stars  this  spot-producing  ixiwer  and 
the  liability  to  eruptions  are  very  much  greater  than  in  the  case  of 
our  sun,  and  thus  wc  have  changes  of  light  which  can  be  readily 
^wrceived  by  the  eye.  Some  additional  strength  is  given  to  this 
theory  by  the  fact  just  mentioned,  that  so  large  a  proportion  of 
the  variable  stars  are  red.  It  is  well  known  that  glowing  iMxHes 
emit  a  larger  proportion  of  red  rays  and  a  smaller  proportion  of 
blue  ones  the  cooler  they  become.  It  is  therefore  probable  that 
the  red  stars  have  the  least  heat.  This  being  the  case,  it  is  more 
easy  to  produce  spots  on  their  surface  ;  and  if  their  outside  surface 
is  so  cool  OS  to  become  solid,  tlie  glowing  hydrogen  from  tlie  in- 
terior when  it  did  burst  through  would  do  so  with  more  power 
than  if  the  surrounding  shell  were  liquid  or  gaseous. 

There  is,  however,  one  star  of  which  the  variations  moy  be  due  to 
an  entirely  different  cause — namely,  Algnl.  The  extreme  regularity 
with  which  the  light  of  this  object  fades  away  and  disappears  sug- 
gests tlic  possibility  that  a  dark  body  may  be  revolving  around  it, 
and  jtartially  eclipsing  it  at  every  revolution.  The  law  of  variation 
of  its  light  IS  so  different  from  that  of  the  light  of  other  variable 
stars  as  to  suggest  a  different  cause.  Most  others  are  near  their 
maximum  for  only  a  small  part  of  their  period,  while  Algol  is  at  ita 
maximum  for  nine  tenths  of  it.  Others  are  subject  to  nearly  con- 
tinuous changex,  while  the  light  ot  Algol  remuios  constant  during 
niuo  teatha  of  its  period. 


CHAPTER  III. 
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§  1.  CHAKACTER 


OF  DOUBLE 
STABS. 
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When  we  examine  the  heavens  with  telescopes,  we  find 
many  cases  in  which  two  or  more  stare  are  extremclv  cl«e 
together,  so  as  to  form  a  pair,  u  triplet,  or  a  group.  It  ii 
evident  that  there  are  two  ways  to  account  for  this  if- 
j>earan<!C. 

1.  We  may  supjiose  tliat  the  stars  liappon  to  ]?o  netrij 
in  the  same  straight  line  from  us,  hut  have  no  connection 
with  each  other.  It  is  evident  that  in  this  ease  a  poiroi' 
stars  might  appear  douhle,  ahhout;h  the  one  WJisLandrcdt 
or  thousands  of  times  farther  oil  than  the  other.  It  i»» 
moi'euver,  iiiipossihle,  from  mere  insj)eetion,  to  detemuM 
whifh  is  the  farther  off. 

2.  Wo  may  suppose  that  the  stars  arc  really  aa 
together  as  tliey  appear,  and  are  to  be  considere*!  as  f< 
ing  a  connected  pair  or  group. 

A  couple  of  stiu-s  in  the  tii-st  case  are  said  to  be  opticaBf 
double',  and  are  uot  generally  classed  by  astronomen  M 
double  stars. 

Stars  which  are  considered  as  really  donble  are  tlion 
which  are  so  neartogetherthat  we  are  justified  in  coiuider> 
ing  them  as  physically  connected.  Such  star«  are  said  to 
be  phymeaUij  (louhle,  and  are  generally  desig^nated  a* 
double  stars  simply. 

Though  it  is  impossible  by  mere  inspection  to  decide  to 
which  class  a  pair  of  stars  should  be  considered  tu  belodtf- 
ing,  yet  the  calculus  of  probabilities  will  enable  os  to  dk 
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cide  in  a  rough  way  wliether  it  is  likely  that  two  Btaru  not 
physically  couiiected  sliuuld  appear  so  very  close  together 
as  most  of  the  double  stars  do.  This  questioQ  was  first 
considered  by  the  Rev.  Jous  Michell,  K.R.S.,  of  Eng- 
land, who  in  1777  published  a  paper  on  tlic  subject  in  the 
J'/i/'/omp/tieal  7'ransiirtwii-n.  He  showed  that  if  the  lucid 
stars  were  equally  distributed  over  the  celestial  sphere,  the 
chances  were  80  to  1  against  any  two  Iwing  witliin  three 
minutes  of  each  other,  and  that  the  chances  were  500,000 
to  1  against  the  six  visible  stars  of  the  Pleiades  Iteing 
accidentally  associated  as  we  sec  them.  When  the  mill- 
ions of  telescopic  stars  aro  considered,  there  is  a  greater 
jmibability  of  such  accidental  juxtaposition.  But  the 
jjrobabiUty  of  nuiuy  such  cases  occurring  is  so  extremely 
small  that  astronomers  regard  all  the  closest  pairs  as  phy- 
sically connected.  It  is  now  known  that  of  the  6t->0,000 
stars  of  the  first  ten  nnigtiitudes,  at  least  10,0(IO,  or  one  out 
of  every  (iO,  lias  a  comj)anion  within  a  distance  of  30'  of 
arc.  This  proportion  is  nuuiy  times  greater  than  could 
jx»88ibly  1x3  the  result  of  cliance. 

There  are  several  cases  of  stars  wliich  appear  double  to 
the  naked  eye.  Two  of  these  we  have  already  described 
—namely,  d  Tauri  and  «  Lyra.  The  latter  is  a  most 
curious  and  interesting  object,  from  the  fact  that  each  of 
the  two  stars  which  compose  it  is 
itself  double.  JSo  more  striking 
idea  of  the  power  of  the  teles- 
cope can  bo  formed  than  by 
pointing  a  powerful  instrument 
upon  this  object.  It  will  then 
be  seen  that  this  minute  pair  of 
points,  capable  of  being  distin- 
guished only  by  the  most  perfect 
eye,  is  really  composed  of  two  Fia.  122.— thb  quadiiuplb 
pairs  of  stars  wide  apart,  with  a  "^^  '  lyhjl 

group  of  smaller  stars  between  and  around  them.  Tho 
figure  shows  the  appearance  in  a  telescope  of  considerable 
power. 


L 


450 


ASTRONOMY. 


Bevolutioiis  of  Double  Stars— Binary  Systems. —  The 
moet  intcrestiog  qaeetion  suggested  by  doable  «tar8  is  that 
of  their  relative  motion.  It  is  evident  that  if  these 
bodies  are  endowed  with  the  property  of  mutual  gravita- 
tion, they  must  be  revolving  around  each  other,  as  the 
earth  and  planets  revolve  around  the  sun,  else  they  vrould 
be  drawn  together  as  a  single  star.  With  a  view  of  detect- 
ing tliis  revolution,  astronomers  measure  the  po9Uion~ 
angle,  and  distance  of  these  objects.     The  dUtance  of  the 


Flo.    12.1.— MEAgrREHEWT  OF  POStTION-AKOLB. 

components  of  the  double  star  is  simply  tlie  apparent 
angle  wliicii  separates  tliem,  as  seen  by  tlie  oliservcr.  It  ia 
always  expressed  in  seconds  or  fractions  of  a  second  of  arc. 
The  aiu/h  c/f  position,  or  "  position-angle"  as  it  is  often 
called  for  Ijrevity,  is  the  angle  which  the  line  joining  the 
two  stars  makes  with  the  line  drawn  from  the  brightest  star 
to  the  north  pole.  If  the  fainter  star  is  directly  north  of 
the  brighter  one,  this  angle  is  zero  ;  if  cast,  it  is  90";  if  south. 
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it  IS  180"  ;  if  west,  it  is  270°.  This  is  illustrated  by  the 
iigure,  which  is  supposed  to  represent  tlie  field  of  view  of 
an  inverting  telescope  pointed  toward  the  south.  The 
arrow  shows  the  direction  of  the  apparent  diurnal  motion. 
Till!  telescope  is  siipposed  to  be  so  pointed  that  the  brighter 
star  may  bo  in  tlie  centre  of  the  Held.  The  numbers 
around  the  surrounding  circle  then  show  the  angle  of  po- 
sition, supposing  the  smaller  star  to  be  in  the  direction  of 
the  number. 

The  letters  ap,  sf,  np,  and  nf  show  the  methods  of 
dividing  the  four  quadrants,  a  meaning  south,  n  north, 
y  following,  andj»  precctling.     The  two  latter  words  refer 
to  the  direction  of  the  diur- 
nal motion.     Fig.  124  is  an 
example  of  a  pair  of  stars  in 
which  the  position-angle  ie 
about  44". 

If,  by  measures  of  this 
sort  extending  through  a 
series  of  years,  the  distance 
or  {x>Bition -angle  of  a  pair 
of  stars  is  found  to  change, 
it  shows  that  one  star  is  re- 
volving around  the  other. 
Bucli  a  pair  is  called  a 
hinary  star  or  hiiuiry  gya- 
tem.  The  only  distinction 
which  we  can  make  between 
binary  systems  and  ordinary  double  stars  is  founded  on 
the  presence  or  al>senc«  of  observed  motion.  It  is  prob- 
able that  nearly  all  the  double  stars  are  really  binar\'  sys- 
tems, but  that  many  thousands  of  years  are  required  to 
perform  a  revolution,  so  that  the  motion  has  not  yet  been 
detected. 

The  discovery  of  binary  systems  is  one  of  great  scien- 
tific interest,  because  from  them  we  learn  that  the  law  ot 
gravitation  includea  the  stars  as  well  as  the  solar  system  in 
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its  scopo,  and  may  therefore  be  regarded  as  •  viBWri 
property  of  matter. 

Colors  of  Double  Stars.— There  are  a  few  noteworthj  aliftirito 

in  regard  to  tlie  colors  of  tlie  component*  of  duul>le  euas  vtieft 
may  be  given.  Among  590  of  the  brighter  double  stars,  thcfe  ■■ 
'.llo  pairH  where  each  component  ba8  the  same  color  and  iolMiin; 
101  pairs  where  the  components  have  same  color,  but  differeat  »■ 
tensity  ;  120  pairs  of  difierent  colors.  Among  those  of  the  fiai 
color,  the  vast  majority  were  both  white.  Of  the  476»tanofdi 
same  color,  there  were  29A  pairs  whose  componenta  were  both 
white  ;  118  pairs  whose  components  were  both  yellow  or  both  rei; 
68  pairs  whose  components  were  both  bluish.  When  the  ctm- 
ponents  are  of  different  colors,  the  brightc-r  gent-rally  appean  n 
nave  a  tinge  of  red  or  yellow  ;  the  other  of  blue  or  green. 

These  data  indicate  in  part  real  physical  laws.  They  abo  at 
partly  due  to  the  physiological  fact  that  the  fainter  a  8taria,tks 
more  blue  it  will  appear  to  the  eye. 

Measures  of  Double  Stars.— The  first  systematic  meamatad 
the  ri'lative  positions  of  the  components  of  double  stars  were 
by  CHKisTtAN  Maykr,  Director  of  the  Ducal  Observatory  of 
heim,  t77t),  but  it  is  to  Sir  William  IIehsc-hki.  that  we  owe 
sis  of  our  knowledge  of  this  branch  of  sidereal  astronomy.     In 
IIersciiki.  mt^nsured  tlio  rt'lutive  situation  of  more  than  400  doublt 
stars,  and  after  ri-peatiiiji;  his  measures  some  score  of  yean 
he  found  in  iibout  TiO  of  the  pairs  evidence  of   relative  m' 
the  components,     hi  this  first  sur^'cy  he  found  97  stars  whose 
tnnce  WHS  under  4',  10'3  between  4'  and  8',  114   between  8'  sal 
IB',  and  ins  between  16'  and  32'. 

Since  IIekm'iikl's  observations,  the  discoveries  of  Sir  Jomi  Bo- 
seiiRL,  Sir  James  Soctii,  Dawes,  and  many  others  in  Eaglaod.  of 
W.  Stiidve,  Otto  Stbuvk,  Mauler,  Secchi,  DsMBowaxi,  Do- 
NKii,  in  Europe,  and  of  O.  P.  Bo.no,  Alvan  Clabr,  and  8.  W. 
BiiRNiiAM,  in  the  United  States,  have  increased  the  niuaber  ff 
known  double  stars  to  about  10,000. 

Besides  the  double  stars,  there  are  also  triple,  i|aadnip1o,  etc, 
stars.  The.sc  are  generically  culled  multiple  ttnrt.  The  moat  !»• 
mitrkablc  multiple  star  is  the  Trajjetiuia,  in  the  centre  of  the  lii tails 
of  OrU>ii,  commonly  called  0  OrumU,  whose  four  stars  mv,  witiMOt 
doubt,  physically  connected. 

The  next  combination  beyond  a  multiple  star  is  a  cltwter  o4 
and  beginning  with  clusters  of  1'  in  diameter,  such  object*  > 
found  up  to  UO  or  more  in  diameter,  every  inteniiediat«  mil' 
rcpreacated.     These  we  shall  consider  shortly. 

ORBITS  OP  BINAHY  STARS. 


When  it  was  established  that  mftii\ 
revolving  around  each  other,  it  : 
dctermiDe  the  orbit  and  ascertain  whether  it  wiu 


ciU^. 


■  the  centre  of  gravity  of  the  two  objects  in  one  of  the  foci ;  if  so,  it 
I  would  be  shown  thut  gravitAtion  among  the  stars  followed  the  same 
'  law  as  in  the  solar  Rystem.  As  an  illustration  of  how  tbiij  may  be 
done,  we  present  the  following  measures  of  the  position-angle  and 
distance  of  the  binary  star  i  Urmt  ifajoru,  which  was  the  first  one 
of  which  the  orbit  was  investigated.  The  following  notation  is 
used :  p,  the  angle  of  position ;  «,  the  distance  ;  A,  the  brighter 
■tar  ;  B,  the  fainter  one. 

f  Vrbm  Majoris  =  2  1538.* 


Eroci. 

P 

». 

Obwrrtr. 

1782-0 

14S-8 

97-5 

270-4 

904-7 

9011 

100-9 

199-0 

96  7 

16-5 

i-99 
1-90 
9  45 
2-90 
2  50 
0-91 

W,  HerscbeL 

180S1 

1820- 1 

W.  Stru*e. 

1821-8 

t« 

1831-3 

J.  Herscbel. 

1840-3 

Da  wee. 

1851  6 

1863-2 

Madler. 
Deiiibowakl. 

1872-5 

Duuer. 

If  these  measures  be  plotted  on  a  sheet  of  squared  paper,  the 
■everal  positions  of  B  will  be  found  to  lie  in  an  elli|>!ic.  Tliis  ellipse 
is  the  projection  of  the  real  orbit  on  the  plane  j)erpendicular  to  the 
line  of^  sight,  or  line  joining  the  earth  with  the  star  y4.  It  is  a 
i|Uestion  of  analysis  to  determine  the  true  orbit  from  the  times  and 
from  the  values  of  v  and  t. 

If  the  real  orbit  hap])vned  to  lie  in  a  plane  perpendicular  to  the 
line  of  sight,  the  star  A  would  lie  in  the  focus  of  the  ellipse.  If 
thb  coincidence  does  not  take  place,  then  the  plane  of  the  true  or- 
bit ia  seen  obliquely. 

The  first  two  of  Kkplrr's  laws  can  be  employed  in  determining 
such  orbits,  but  the  third  law  is  inapplicable. 

Masses  of  Binary  Systoms. — When  the  parallax  or  distance, 
the  semi-uinjor  axis  of  the  orbit,  and  the  time  of  revolution  of  • 
binary  system  are  known,  we  can  determine  the  combined  moss  of 
the  pair  of  stars  in  terms  of  the  mass  of  the  sun.     Let  us  ])ut  : 

a  ,  the  mean  distance  of  the  two  components  as  measured  in 
second". ; 

a,  their  mrnn  distance  from  each  other  in  astronomical  units ; 

T    '      '  ■  .'■  u  In  years ; 

.1  two  component  etani ; 


tlicir  I 


riomical  units. 


•  Z  IStt  » 
Cstolortte. 


'  •  No.  1S2S  ol  W.  Strnva'a  Dorpat 


From  the  generalization  of  Eepler's  third  hiw,  given  by 
theory  of  gravitation,  we  have 


From  the  formaln  explained  in  treating  of  parallax  we  have 
Z>  =  1  -=-  Bin.  P. 

If  a'  Is  the  nsjor  axis  In  seconds,  a  being  the  same  qaantitjr  ia 

astronomical  units,  then 

a  =  D  ■  sin.  a*. 


From  these  two  equations. 


sin.  a* 
sin.  f 


P 


because  a'  and  P  are  so  smaU  that  the  area  maj  be  taken  for  < 
sines. 

Putting  this  valao  of  a  in  the  equatloa  for  M  +  ifo, 


we  have 


M  -+-  Mu  = 


2"  P' 


(T  f'enlauri  and  p  Ophiurhi  are  two  binary  stars  whose  paralla 
havi;  Iwen  determined  (0'-08  and  0'-16)  from   direct   measures. 
•»  Cenlauri 

T=770  years;  a'  =  15'-5  ;  P  =  0'-98i 

for  p  Ophiticht, 

r=»4.4yeai8;  a'  =  4'.70;  P  =  O'-W. 

U  wc  substitute  in  the  last  equation  these  values  for  T,  P,  aiiS 
we  have 

M,  +  M  =  0-67  for  a  Centauri,  ^m 

M,  i-  M  =  2-04  tor  p  Ophiuchi.  fl 

The  last  number  is  quite  uncortain,  owing  to  the  difficulty  of  meaa- 
uriug  so  small  a  parallax.  Wc  can  only  conclude  that  the  mass  of 
theSH  two  systems  is  not  many  times  greater  or  leas  than  the  mass  of 
our  sun.  From  the  agreement  in  these  two  coses,  it  is  probable  that 
in  otiier  systc-ms,  if  the  mass  could  bo  determiaed,  it  would  not  be 
greatly  different  from  the  mass  of  our  sun.  We  may  on  this  supposi- 
tion, which  amounts  to  supposing  Mt  -t-  M  =  \,  apply  the  formola     h 

to  other  binaries,  and  deduce  a  value  for  P  in  each  case  which  is  called 
the  hypothetical  parallax  (Gyldeu),  and  which  is  probabl;r  not  far 
from  the  truth. 

Tliere  arc,  beside  binary  systems,  multiple  ones  as  C  Caneri,  wlt«te 
the  distance  of  A  and  if  is  O'-S  ;  and  from  the  middle  point  between 

A  and  B  to  (7  is  5'-5.    The  period  of  revolution  of  — 5 —  abont  O  ia 

suptmsed  to  be  about  730  years.  If  in  tbn  last  formula  we  put 
T  =  730  years  and  a'  =  5'-C,  we  have  the  hypothetical  parallax 

p  =  0'0«3. 


f  Cancri, 

a  Centauri 
70  OjdiiucUi 
y  Cnronn  Bor. . 
8063  £ 
u  Ij»>uig 
X  0|>liiucbi 
p  Eridani 
1768  2... 
t  BoOiiB  . . 
y  Vuxinis 
r  Opniuchi, 
V  I'uaiopeto 
44  BoOtis... 
1988  2: 


Bo«tis 


3d  Andromeda. 

y  LcodIb 

i  Cygni 

81  Cygul 

o  CoroiuB  Bor.. 
a  Gemlnorum. 
(  Aquarii 
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The  first  computation  of  the  orbit  of  a  binary  star  fraa  made  by 
Savary  (Aatronomer  at  the  Paris  Observstoty)  about  1826,  and  hi« 
results  were  the  flrat  which  demonstrated  that  tbe  laws  of  grarita 
tion,  which  we  knew  to  be  operative  over  the  extent  of  the  solar 
system,  and  even  over  the  vaat  space  covered  by  the  orbit  of 
Halley's  comet,  extended  even  further,  to  the  fixed  stars.  It  might 
have  been  before  182JS  a  hazardous  extension  of  our  views  to  sup- 
pose even  the  nearest  fi""!  "to™  <■"  >>e  subject  to  the  laws  of  New- 
ton ;  btit  as  many  of  iries  have  no  measurable  paral- 
lax, it  is  by  no  meauir  iclusion  that  every  fixed  star 
which  our  best  telesc<  is  subjected  to  the  same  laws 
IS  those  which  go  vers                         lies  upon  the  earth. 


i 


r 


CHAPTER    IV. 

NEBULiE  AND    CLUSTERS, 
g  1.    DISCOVERY  OF  WEBUUB. 


In  the  Btar-catalogiies  of  Ptolemy,  HEVEurs  and  the 
earlier  writere,  tliere  was  included  a  class  of  nebulous  or 
cloudy  Btars,  which  were  in  reality  star-cIiiKters.  They 
appeared  to  tlve  naked  eye  :w  msiBses  of  soft  diffused  light 
of  greater  or  less  extent.  In  this  respect,  they  were  quite 
analogous  to  the  Milky  Way.  When  fTAi.ir.Eo  first  di- 
rected his  telescope  ujwn  them  their  ne))uloiis  appearance 
vanished,  and  they  were  seen  to  consist  of  clusters  of 
stars. 

As  the  telescope  was  improved,  great  niunl>er8  of  such 
patches  of  light  were  found,  some  of  which  could  l)e  re- 
solved into  stars,  while  others  could  not.  The  latter  were 
called  n<:bulce  and  the  fonner  star-dusters. 

About  1656,  HuYOHENS  described  the  great  nebula  of 
Orion,  one  of  the  most  remarkable  and  brilliant  of  theee 
objects.  During  the  last  century,  Messiek,  of  Paris,  made 
a  list  of  1  (13  northern  nebulaj,  and  L-vcaille  noted  a  few  of 
those  of  the  soutlierfi  sky.  The  careful  sweeps  of  the 
heavens  by  Sir  AVii.i.iam  IIrrschei,  with  his  great  tele- 
scopes first  gave  proof  of  the  eiionnous  number  of  tlieso 
masses.  In  1780,  he  published  a  catalogue  of  one  thousand 
new  neliuljB  and  dusters.  This  was  followed  in  1789  by 
a  catalogue  of  a  second  thousand,  and  in  1802  by  a  third 
catalogue  of  five  hundred  new  objects  of  this  class.     A 
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siniilfir  series  of  swcepi^,  earriiid  on  liy  Sir  John  Hek- 
scuiEL  ill  both  hemispheres,  uddeil  libuut  two  thousand 
more  iiebulaB.  Tlie  general  catalogue  of  nebulai  and  clus- 
ters of  stars  of  tlie  latter  aetrononier,  pnblislied  in  1864, 
contains  5071)  iiebulm) ;  6251  arc  known  in  1879.  Over 
two  thirds  of  these  were  first  discovered  b}'  the  IIerscbkls. 
Tiie  mere  enumeration  of  over  ■todO  la-buhB  is,  how- 
ever, liut  a  small  part  of  the  labor  done  by  these  two  dis- 
tinguished astronomere.  The  son  has  left  a  great  number 
of  studies,  drawings,  and  measures  of  nebnlie,  and  tho 
memoirs  of  the  father  on  the  Construction  of  the  Heaven* 
owe  their  suggestiveness  and  mucli  of  their  value  to  his 
long-coiitinncil  observations  (ii\  this  class  of  objects,  which 
gave  him  the  clue  to  liis  tlioories. 


§  2.    CLASSIFICATION  OF  NEBULA  Al«)  CLUSTERS. 

In  studying  these  objects,  the  first  question  we  meet  is 
this  ;  Are  all  these  bodies  crhisters  of  stars  which  look 
diffused  otdy  l)ec<iuse  they  are  so  distant  that  our  tele- 
6co]x?s  camiot  distinguish  them  separately  ?  or  are  some  of 
them  in  reality  what  they  eoem  to  be — namely,  diffused 
masses  of  matter  ? 

In  his  early  memoirs  of  1784-  and  1785,  Sir  William 
IIkuscuki.  took  the  first  view.  He  considered  the  Milky 
Way  as  nothing  but  a  congeries  of  stars,  and  all  nebulffi 
naturally  seemed  to  him  to  be  but  stellar  clusters,  so 
distant  as  to  cause  the  individual  stars  to  disappear  in  a 
general  milkiness  or  nebulosity. 

In  1791,  however,  his  views  underwent  a  change.  He 
had  discovered  a  lurltnlom^  star  (properly  so  called),  or  a 
star  which  Wiis  undoubtedly  similar  to  the  surrounding 
stars,  and  which  was  encompassed  by  a  halo  of  nolnilous 
light.  * 

•  This  was  tho  69th  nebula  of  h\s  fourth  dau  of  planetary  nebuls 
(H.  iv.  ftO.) 


NEBULA  AND  CLUSTERS. 

lie  says  :  "  Nehuhe  can  be  selected  so  that  an  insensible  (^ada- 
tion  shiill  take  place  from  a  coarse  cliwter  like  the  I'Wuylet  down  to 
a  milky  nebulosity  like  that  in  Orion,  every  intermediate  step  being 
represented.  This  tends  to  confirm  the  hypothesis  that  all  are  com- 
posed of  stars  more  or  less  remote. 

"  A  comparison  of  the  two  airtmt*  of  the  series,  as  a  coarse 
cluster  and  a  nebulous  star,  indicates,  however,  that  the  ntbulotity 
about  tfif  sUirU  not  uf  a  utiirri/  luiture. 

"  Considering  H,  iv.  60,  as  a  typical  nebulous  star,  and  supposing 
the  nucleus  and  chevclure  to  be  connectwl,  we  may,  first,  Rupi>ose 
the  whole  to  be  of  stiirs,  in  which  case  either  the  nucleus  is  enor- 
mously larjier  than  other  slurs  of  its  stellar  magnitude,  or  the  envelope 
is  composed  of  stars  indefinitely  smiill  ;  or,  second,  we  must  admit 
that  the  star  is  inntlretl  in  a  ihinimjjliiul  of  a  nature  totally  unhwien 
to  ut. 

"  The  shining  fluid  might  exist  independently  of  stars.  The 
light  of  this  fluid  is  no  kind  of  reflection  from  the  star  in  the  cen- 
tre. If  this  mutter  is  self-luminous,  it  seems  more  (it  to  [troduce  a 
star  by  its  condensation  than  to  depend  on  the  star  for  its  existence. 

"  Both  diffused  nebulosities  and  pliineturv  nelmhe  are  better 
ikccounted  for  by  the  hypothesis  of  a  shiuing  duid  than  by  supj>os- 
ing  them  to  be  distant  stars." 

Tliis  was  the  first  exaot  statement  of  tlie  idea  that,  hcsidc 
stitrs  and  Ktar-ehisttTs,  wc  have  in  the  universe  a  totally 
distinct  series  of  objects,  prohahly  miieh  more  simple  in 
their  constitution.  Tlie  olwervatinns  of  IIit.oins  and 
Seochi  on  the  tipectni  of  these  hudies*  have,  as  wo  shall 
see,  entirely  coiilinned  the  coneliisiuus  of  Hkkschkl. 

Nehulffi  and  clusters  were  divided  by  IIkksohkl  into 
clasees.  Of  his  names,  only  a  few  are  now  in  peneral  use. 
lie  applied  the  name  pluntinnj  itfhnlm  to  certain  circular 
or  elliptic  nelmlie  which  in  his  telescope  pre«eiited  disks 
like  t!ie  planet*.  Spiral  nehuhp  are  those  whose  convo- 
lutions have  a  spiral  shape.     This  class  is  quite  niuuer- 

0118. 


The  different  kinds  of  nebultc  and  clusters  will  be  better  under- 
stooil  from  the  cuts  and  descriptions  which  follow  than  by  formal 
definitions.  It  must  be  rememi>ered  that  there  is  an  almost  infinite 
variety  of  such  sha)>es. 

The  figure  by  Sir  JonK  IlEiwicireL  on  the  next  page  gives  a  good 
idea  of  a  spiral  or  ring  nebula.  It  has  a  central  nucleus  and  a  small 
and  bright  companion  nebula  near  it.  In  a  larger  telescope  than 
Ueiurukl's  its  aspect  is  even  more  complicated.  Sec  aUo  Fig.  129. 
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Tlie  Omega  or  hor»eDhi/e  nebula,  BO  called  from  the  re8cinblanc« 
of  the  briglitcEt  end  of  it  lr>  a  Greek  Q,  or  to  a  horse's  iron  shoe,  it 
one  of  the  most  corapU-x  and  remarkable  of  the  nebulte  visible  in 
the  northera  hemisphere.  It  is  particularly  'worthy  of  note,  ms 
there  is  some  reason  to  believe  tlmt  it  has  a  proper  motion.  Cer- 
tain it  is  tliut  the  bright  star  wliieh  in  the  figure  is  at  the  left-hand 
upper  corner  of  one  of  the  sciunres,  and  on  the  left-band  (west) 
edge  of  the  streak  of  nebulosity,  was  in  the  older  drawings  placw) 
un  the  other  side  of  this  streak,  or  within  the  dark  bay,  thus  nuk- 
ing it  at  least  probable  ttiat  either  the  star  or  the  nebula  has  moTed. 


Pta.   125. — SPTRAT.  N-EBUl/A. 

TliQ  trifid  nebula,  so  called  on  account  of  its  three  branches 
•which  meet  near  a  central  dark  space,  is  a  striking  object,  and 
was  suspected  by  Sir  Jaiis  ITisuiirnEL  to  hove  a  proper  motion. 
Later  observations  seem  to  confirm  this,  and  in  particular  the  three 
bright  stars  on  the  left-hand  edge  of  the  ri;:ht-hand  (cast)  mass  are 
now  more  deeply  imnicr.sed  in  the  nebula  than  they  were  observed 
to  be  by  nERsciiEi.  0833)  and  M.ssojj,  of  Yale  College  (1837).  In 
1784,  Sir  Wii.mam  HEHSctrEL  described  them  ns  "  in  the  middle  of 
the  [dark]  triangle."  This  description  do€«  not  apply  to  their 
present  situatj on.    (Fig.  127j. 


FlO.   13/t. — THK  OMEOA  OK  IIORI^KSnOR  KCmnji. 


m^m^ 


over  the  telescopic  field.  This  cluster  is  an  excellent  exiunple  of 
the  "  compressed  "  form  so  frequently  exhibited.  In  clusters  of 
this  class  the  spectroscope  shows  that  esch  of  the  individual  stars 
is  a  true  sun,  shining  by  its  native  brightness.  If  we  admit  that  a 
cluster  is  real — that  is,  that  wc  have  to  do  with  a  collection  of  stars 
physically  connected — the  globular  clusters  become  important.  It 
it  a  fact  of  observation  that  in  general  the  stars  composing  such 
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cluatere  are  about  of  equal  magnitude,  and  are  more  condensed 
the  centre  than  at  the  edges.  Tht-y  are  ijrobiihly  subject  to  central 
powers  or  forces.  Thia  was  seen  hy  Sir  William  IIbk^cosl  in  178S. 
He  says  : 

"  Not  only  were  round  nebulee  and  clusters  formed  by  central 
powers,  but  likewise  every  cluster  of  stars  or  nebula  that  sliows  a 
gradual  condensation  or  inrrea.sing  brightness  toward  a  centre. 
Tiiis  theory  of  central  power  is  fully  established  on  grounds  of  ob- 
servation which  cannot  be  overturned. 

"  Clusters  can  be  found  of  10' diameter  with  a  certain  dcOTee of 
compression  and  stars  of  a  certain  magnitude,  and  smaller  cTustcra 
of  4',  'A  or  3  in  diameter,  with  smaller  stars  and  greater  compression, 
and  so  on  through  rc.Holvablc  uebultcby  imperceptible  steps,  to  the 
Bmallest  and  faintest  [and  most  distant]  nebulte.    Other  clusters 


FlQ.    129.— OLOBOLAU  CLCSTKR.  FlO.    180. — COMPREBSKD  CLrsTEB. 


H  there  are,  which  lead  to  the  tielief  that  citlier  they  are  more  com- 

H  pressed  or  are  composed  of  larger  stars.     Spherical   clusters  at 

H  probably  not  mure  different  in  svr.v  among  themselves  than  diiTerei 

H  individuals  of  plants  of  the  same  species.     As  it  has  been  shown 

H'  that  the  spherical  figure  of  a  cluster  of  stars  is  owing  to  central 

H  powers,  it  follows  that  those  clusters  which,  arleru  jmrihi 


powers,  it  follows  that  those  clusters  which,  arleru  jmrihiu,  are  the 
most  complete  in  this  figure  must  have  been  the  longest  exposed 
to  the  actum  (jf  these  causes. 

The  maturity  of  a  sidereal  system  may  thus  be  judged  from' 
the  dis|K)Hition  of  the  component  parts. 

"  Though  we  cannot  see  any  individual  nebula  pass  through  all 
its  stages  of  life,  we  can  select  particular  ones  in  each  peculiar 
stage, ' '  and  thus  obtain  a  single  yiew  of  their  entire  course  of  de- 
velopment. 


NKBULJ& 
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g  4.    SPECTRA  OP  NEBITLiE  AOT)  CLUSTERS. 

In  1864,  five  years  after  the  invention  of  the  spectroscope.  Dr. 
Hl'dQiNs,  of  London,  commenced  the  examination  of  the  spectrA 
of  ttie  nebulie,  and  was  led  to  the  discovery  that  while  the  8|>ectra 
of  stars  were  invariably  continuous  and  crossed  with  dark  lines 
similar  to  those  of  the  solar  8i)ectrum,  those  of  many  nebuls  were 
ditronlinuout,  showing  these  bodies  to  be  composed  of  glowing  gas. 
The  figure  shows  the  spectrum  of  one  of  the  most  famous  planetary 
nchulte.  (H.  iv.  37.)  The  gaseous  ncbulie  include  nearly  all  the 
planetary  nebulie,  and  very  frequently  have  stellar-like  condeusa- 
tions  in  the  centre. 

Singularly  enough,  the  most  milky  looking  of  any  of  the  nebula 
(that  in  Antiramrflti)  gives  a  continuous  .s[)ci-tnim,  white  the  nebula 
of  Oriim,  which  fairly  glistens  with  amuU  stars,  has  a  discontinuous 
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spectrum,  showing  it  to  be  a  true  gn.s.  Most  of  these  stars  are  too 
faint  to  be  si'parat^ly  examined  with  the  spectroscope,  so  that  we 
cannot  say  whether  they  have  the  same  spectrum  as  tlie  ncbulie. 

The  spectrum  of  most  clusters  is  continuous,  indicating  thot  the 
individual  stars  are  truly  stellar  in  their  nature.  In  a  few  cases, 
however,  clusters  arc  composed  of  a  mixture  of  nebiilosity  (usually 
near  their  centre)  and  of  stars,  and  the  spectnim  in  such  caaea  ia 
comi>ound  in  its  nature,  so  as  to  indicate  radiation  both  by  gaseous 
and  solid  matter. 

§  6.    DISTRIBUTION  OP  NEBULA  AND  CLUSTERS 
ON  THE  SURFACE  OP  THE  CELES- 
TIAL SPHERE. 


The  following  tnap  (Pig.  132)  by  Mr.  U.  A.  Pboctor,  gives  at  a 
glance  the  distnbution  of  the  nebula;  on  the  celestial  sphere  with 
reference  to  the  Milky  Way,  whose  boundaries  only  are  indicated. 
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The  position  of  each  nebula  is  marked  by  a  dot ;  where  the  dots  are 
tliickcst  there  is  a  region  rich  in  nebuloc.  A  casual  examination 
ihowx  that  such  rich  regions  are  distant  from  the  Galaxy,  and  it 
would  apfwar  tliat  it  ia  a  general  law  that  the  nebulie  are  distri- 
buted in  greatest  number  around  the  two  poles  of  the  galactic 
circle,  and  that  in  a  general  way  their  num])or  at  any  point  of  the 
sphere  increases  with  their  distance  from  this  circle.  This  was 
noticed  by  the  elder  Hkiischei.,  who  constructed  a  map  similar  to 
the  one  given.  It  is  precisely  the  reverse  of  the  law  of  apparent 
distribution  of  the  true  star-clusters,  which  in  general  lie  in  or  neat 
the  Milky  Way. 


CHAPTER    V. 

SPECTRA  OF   FIXED    STARS. 


1.    CHAKACTEaa  OP    STELLAS   SPECTl 

Soos  aftor  the  discovery  of  the  spectroscope,  Dr.  Hdooimb 
Professor  W.  A.  Millek  applied  this  instrument  to  the  cxan  _ 
tion  of  stellar  spectra,  which  were  found  to  be,  in  the  main,  simil 
to  the  solnr  spectnim — i.e.,  composed  of  a  continuous  bond  of 

fmsmatic  colors,  across  wliich  dark   lines  or  bands   were    laid, 
atter  being  fixed  in  position.     These  results  showed  the  fixed  * 
to  reseml^lc  our  own  sun  in  gnntnil   constitution,  and   to   be  cooi' 
posed  of  an  incandescent  nucleu.s  .surrounded  iiy  a    gaseous  aad 
absorptive  iitmosphere  of  lower    teinperiiture.      This    adnosphei 
around  many  stars  is  different  in  constitution  from  that  of  the  sun^ 
OS  is  shown  by  the   diflerent   position  and  intensity  of  the  varioni 
black  lines  and  bands. 

The  various  stellar  spectra  have  been  classified  by  Skcchi  into 
four  type*,  distinguished  from  one  another  by  marked  differences  in 
the  position,  character,  and  number  of  the  dark  lines. 

Type  I  is  composed  of  the  white  stars,  of  which  Siriiis  and  FiM 
are  examples  (the  upjrcr  spectrum  in  the  plntc  Fig.  183).  The  specH 
trum  of  these  stars  is  continuous,  and  is  crossed  by  four  durlcj 
lines,  due  to  the  presence  of  large  quantities  of  liydrog«a  in 
the  envelope.  Sodium  and  magnesium  lines  arc  also  seen,  and 
others  yet  fainter. 

Type  II  is  composed  mainly  of  the  yellow  stars,  like  our  own 
sun,  Airtiinm,  Cit}>rUa,  Ahhhnnin,  nnd  Polhix.  The  spectruin  of 
the  sun  is  shown  in  the  second  place  in  the  plnte.  The  vast  «n- 
jority  of  the  stars  visible  to  the  naked  eye  belong  to  this  class. 

Tyjie  III  (see  the  third  and  fourth  spectra  in  the  plate)  is  com- 
posed of  the  brighter  reddish  stars  like  a  Orinnis.  Antnret,  a  HrreulU, 
etc.  These  spectra  are  much  contracted  toward  the  violet  end,  aoti 
are  cros,sed  by  eight  or  more  dark  bands,  these  bands  bcin^^  them- 
selves resolvable  into  sejmratc  lines. 

These  three  types  comprise  nearly  all  the  lucid  stars,  and  it  is 
not  a  little  remarkable  that  the  essential  differences  between 
three  classes  were  recognized  by  Sir  William  HehsciteIj  as  early 
as  171)8,  and  published  in   1814.     Of  course  his  observations  wei« 
made  without  a  slit  to  his  spectroscopic  apparatus. 
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Tjrpe  rV  comprises  the  red  stars,  which  arc  mostly  telescopic 
The  characteristic  epectrura  is  shown  in  the  last  figure  of  the  plate. 
It  is  curioiiiily  banded  with  three  bright  spacea  Bep«ratea  bj 
darker  ones. 

It  is  probable  that  the  hotter  a  star  is  the  more  simple  a  spcctrom 
it  has  ;  for  the  brightest,  and  therefore  probably  the  hottest  stars, 
such  as  Sirius,  give  spectra  showing  only  very  thick  hydrogen  lines 
and  a  few  very  thin  metallic  lines,  while  the  cooler  stars,  such  as 
our  sun.  arc  shown  l)y  their  spectra  to  contain  a  much  larger  num- 
ber of  metallic  elements  than  stars  of  the  tyjio  of  Sirius,  but  nu 
non-metallic  elements  (oxygen  possibly  excepted).  Tlio  coolest 
stars  give  band-spectra  chamcteristic  of  compounds  of  metallic 
with  non-metallic  elements,  and  of  the  non-metallic  elements  uu- 
combined. 
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2.    MOTION  OF  STABS  IN  THE  LINE  OF   SIQHT. 


Spectroscopic  observations  of  stars  not  only  give  information  in 
regard  to  their  chemical  and  physical  constitution,  but  have  been 
applied  so  as  to  determine  approximately  the  velocity  in  kilometres 
jier  second  witli  which  the  stars  are  approaching  to  or  receding 
from  the  earth  along  the  line  joining  earth  and  star.  The  theory 
of  such  a  determination  is  briefly  as  follows  : 

In  the  solar  spectrum  we  lind  i>  group  of  dark  lines,  as  a,  h,  e, 
which  always  miiintaiu  their  relative  po.sitioti.  From  laboratory 
experiments,  we  can  show  that  the  three  bright  lines  of  incandescent 
hydrogen  (for  example)  have  always  the  same  relative  position  as 
the  solar  dark  lines  a,  b,  c.  From  this  it  is  inferred  that  the  solar 
dark  lines  are  due  to  the  presence  of  iiydrogcn  in  its  absorptive 
atmosphere. 

Now,  suppose  that  in  a  stellar  spectrum  we  find  three  dark 
lines  a',  b',  e',  whose  relative  position  is  exactly  the  same  as  that 
of  the  solar  lines  a,  b,  e.  Not  only  is  their  relative  position  the 
same,  but  the  chantcters  of  the  lines  themselves,  so  far  as  the  fainter 
spectrum  of  the  star  will  allow  us  to  determine  them,  arc  also  simi- 
lar— that  is,  a'  and  a,  b'  and  f>,  c  and  e  are  alike  ils  to  thickness, 
blackness,  nebulosity  of  edges,  etc.,  etc.  From  this  it  is  inferred 
that  the  star  really  contains  in  its  atmosphere  the  substance  whoM 
existence  has  been  shown  in  the  sun. 

If  wo  contrive  an  apparatus  bywliich  the  stellar  siwctrum  is  seen 
in  the  lower  half  (say)  of  the  eye-])ir'ce  of  the  spectroscojie,  while 
the  spectrum  of  hydrogen  is  seen  just  aliove  it,  we  find  in  some 
cases  this  remarkable  phenomenon.  The  three  dark  stellar  lines, 
a',  b',  «',  instead  of  bemg  exactly  coincident  with  the  three  hydro- 
gen lines  a,  h,e,  are  seen  to  bo  all  thrown  to  one  side  or  the 
other  by  a  like. amount — that  is,  the  whole  group  a,  b',  c",  while 
preserving  its  relative  distances  the  same  as  those  of  the  compari- 
son group  a,  b,  c,  is  shifted  toward  either  the  violet  or  red  end  of 
the  spectrum  b^  a  small  yet  measurable  amount.     Repeated  experi- 
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menta  by  different  instruments  and  observers  show  atwaya  a  shifting 
in  the  same  direction  and  of  like  amount.  Tlie  fi^re  shows  the 
stiifting  of  the  F  line  in  the  spectrum  of  Hiriiu,  compared  with  one 
tixed  line  of  liydrogen. 

This  displaufnient  of  the 
epcetral  hnes  is  now  ac- 
counted for  by  u  motion  of 
the  stur  toward  or  from  the 
earth.  It  is  chowii  in  Phy- 
sics that  if  the  sourco  of 
the  light  which  gives  the 
BjK'ctnim  a',  li,  c  is  mov- 
ing away  from  the  earth,  this 
group  will  l)e  shifted  toward 
the  red  end  of  the  spec- 
tnmi  ;  if  toward  the  earth, 
then  the  whole  group  will 
iH'ahiftcd  toward  the  blue 
end.  The  amount  of  this 
sliifting  is  a  function  of  the 
velocity  of  recession  or  ap- 
proach, and  this  velocity  m 
miles  per  second  can  be 
calculated  from  the  meas- 
ured disjdacement.  This  has  been  done  for  many  stars  by  Dr. 
HiNitiiNs,  Dr.  ViHiF.L,  and  Mr.  funisriE.  Their  results  agree  well, 
when  the  difficult  nattire  of  the  research  is  considered.  The  rates 
of  motion  vary  from  insensible  amounts  to  100  kilometres  j)er  sec- 
ond ;  and  in  some  cases  agree  remarkably  with  the  velocities  com- 
puted from  the  proper  motions  and  probable  parallaxes. 
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CHAPTER  VI. 

MOTIONS  AND   TIISTANCES  OF  TUE   STAHS. 
g   1.    PBOFEB  MOTIONS. 

Wr  liave  already  sUtcd  that,  to  the  unaided  vision,  tlie 
fixed  Htars  apjK'ar  to  preserve  the  same  relative  position  in 
the  heavens  through  many  centuries,  so  that  if  the  an- 
cient aistrotutnicrs  conid  agn'm  see  thciti,  they  could  hanlly 
detect  the  slightest  change  in  their  arrangement.  But 
the  refilled  methods  of  modem  astronomy,  in  wliieh  the 
power  of  the  telescope  is  applied  to  celestial  measurement, 
have  shown  tliat  there  are  slow  duinges  in  the  positions 
of  tlie  brighter  stars,  consisting  in  a  motion  forward  in  a 
straight  Une  and  with  unifonu  velocity.  These  motions 
aJX',  for  the  iiioi^t  ]>art,  tfo  slow  that  it  would  require  thoa- 
Fiuids  of  3'eai-8  for  the  change  of  jxjsition  to  be  percepti- 
ble to  the  unaided  eye.     They  are  called  proper  motions. 

As  a  general  rule,  the  fainter  the  stars  the  smaller  the  proper  mo- 
tions. For  the  most  part,  the  proper  motions  of  the  telescopic  stars 
itrc  so  minute  thnt  they  have  not  been  detected  except  in  a  verr 
few  cases.  This  arises  jiartly  from  the  actual  slowness  of  the  mo- 
tion, nnd  |mrtly  from  the  fact  that  the  positions  of  these  stars  have 
not  generally  In'on  well  determined.  It  w'tll  be  readily  seen  that,  ia 
order  to  detect  the  proper  motion  of  a  star,  its  position  must  be  de- 
tennined  at  (M'riixls  se}>arated  by  considerable  intervals  of  time. 
Since  the  exact  determinations  of  star  positions  have  only  been 
made  since  the  year  1750,  it  follows  that  no  proj)er  motion  can  be 
detected  unless  it  is  largre  enouch  to  Iwcome  perceptible  at  tb«  end 
of  a  centurv  and  a  quarter.  With  very  few  exceptions,  no  mocmtt 
determination  ot  the  |>ositions  of  telescopic  stars  was  nude  until 
about  the  beginning  of  the  prtfsenl  century.  Consequently,  w« 
camiot  yet  pronoimco  upon  the  proper  motions  of  these  stars,  'aad 
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pan  only  say  that,  in  general,  thoy  arc  too  small  to  be  detected  by 
the  obscrvotionfi  hitlicrto  made. 

To  this  rule,  that  tlif  smiiller  stars  have  no  sensible  proper  mo- 
tions, there  are  a  few  very  notable  exceptions.  The  star  Ortiom- 
brulije  1H30,  is  remarkable  for  having  the  greatest  proper  motion  of 
any  in  the  hcaveu§,  amounting  to  uiioiit  7'  in  a  year.  It  ist  only  of 
the  seventh  ma;jnitude.  Next  in  the  order  of  projK-r  motion  comes 
the  double  star  61  Cyyiii,  which  is  about  of  the  fifth  magnitude. 
There  are  in  all  seven  small  stars,  all  of  which  have  a  larger  proper 
motion  than  any  of  the  first  magnitude.  But  leaving  out  these  ex- 
ceptional cases,  the  remaining  stars  show,  on  an  average,  a  diminu- 
tion of  proper  motion  with  brightness.  In  general,  the  proper 
motions  even  of  the  brightest  stars  are  only  a  fraction  of  a  second 
in  a  year,  so  that  thousands  of  years  would  be  required  for  them 
to  change  their  place  in  any  striking  degree,  and  hundreds  of 
thousands  to  make  a  complete  revolution  around  the  heavens. 


g  2.    PIlOF£B  MOTION  OF  THE  SXTIT. 

A  very  iiitcrcstiuj;  result  of  tlie  prupur  iiiutiotifi  of  the 
stars  Im  tliut  <iut'  sun,  cont<i(Jere<l  n»  :«  star,  \va6  a  euiisider- 
able  proper  motion  of  its  own.  By  obBcrvations  on  a  star, 
we  really  deteniiiiie,  not  the  ]>roper  motion  of  the  star  it- 
R^lf,  hut  tlie  relative  proj>er  iinition  of  the  observer  and 
the  Btiir — that  is,  the  differeuee  of  tlieir  motions.  Since 
the  earth  with  the  »>bKen  er  on  it  is  carried  alonj;  with  the 
sun  in  space,  his  proiH-r  motion  is  tlie  game  \iin  that  of  tiie 
sun,  HO  that  what  oljservation  gives  ns  is  the  difference 
between  the  proj>er  motion  of  the  star  and  that  of  the  sun. 
There  is  no  way  to  deterniino  absolutely  how  much  of 
the  ajiparent  propter  motion  is  dne  to  the  re;il  motion  of 
the  star  and  how  much  to  the  real  motion  of  the  sun.  If, 
liowever,  we  find  that,  on  the  average,  there  is  a  large  j)re- 
jwnderanco  of  proper  motions  in  one  direction,  wo  may 
conclude  that  there  is  a  real  motion  of  the  sun  in  an  op- 
posite direction.  This  conclusion  is  reasonable,  since  it  is 
more  likely  that  the  average  of  a  great  mass  of  stars  is  at 
rest  than  that  the  sun,  which  is  only  a  single  star,  obould 
be.  Now,  ol>6crvation  shows  that  this  is  really  tlie  case, 
and  that  the  great  mass  of  stars  appear  to  hto  moving  from 
the  direction  of    the  constelladou  Ilercides  and  toward 
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that  of  the  constellation  A  rgu-n.*  A  number  of  astrono- 
mors  have  investigsited  this  motion  witli  a  view  of  deter- 
mining the  exact  point  in  the  heavens  toward  which  tlie 
sun  is  moving.  Their  results  are  shown  in  the  following 
table  : 


Bight  AicetiBlon. 


Becliiution. 


257' 
SOI" 
252° 
260' 
281° 
203' 

49' 
22' 
24' 
1' 
38' 
29' 

38° 
87' 
14° 
84" 
89" 
28° 

36' 
86' 
23' 
54' 
58' 

N 

0.  Struve 

N 

Lundalil 

N 

QRjloway 

jf 

Mftdler 

jf 

Airy  »nd  Dunkiu 

N 

It  will  be  perceived  that  there  is  some  discordance  aris- 
ing from  tlio  diverse  characters  of  tlie  ntotions  to  be  in- 
vestigated. Yet,  if  we  hiy  these  different  points  dowTi  oo 
a  map  of  the  stars,  we  shall  find  that  they  all  fall  in  the 
constellation  Ilercxdes.  Tlieatiiountof  the  motion  is  snch 
that  if  the  sun  were  viewed  at  right  angles  to  the  direction 
of  motion  from  an  average  star  of  tiie  first  magnitude,  it 
would  appear  to  move  about  one  third  of  a  second  per 
year. 

g  3.    DISTAUCES  OF  THE  FIXED  STABS. 

The  problem  of  the  distance  of  tlie  stars  has  alwM 
been  one  of  the  greatest  interest  on  account  of  its  involv-" 
ing  the  question  of  the  extent  of  the  visible  universe. 
The  ancient  astronomers  supposed  all  tlio  fixed  stars  to  be 
situated  at  a  short  distance  outside  of  the  orbit  of  the  planet 
Saturn,  then  tlio  outermost  known  planet.  Tlie  idea  was  I 
prevalent  that  Nature  would  not  waste  space  by  leaving  a 
great  region  beyond  Saturn  entirely  empty. 

When  rVii'KKNK-rs  announced  the  theory  that  the  sun 
was  at  rest  and  the  earth  in  motion  around  it,  the  prob- 
lem of  the  distance  of  the  stars  acquired  a  new  interest. 
*  This  was  discovered  by  Sir  William  Hkhschki.  in  1783. 
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It  wafl  evident  that  if  the  earth  described  an  annual  orbit, 
then  the  stars  would  appear  in  the  course  of  a  year  to  os- 
cillate back  and  forth  in  corresponding  orbits,  unlosa  they 
were  so  innnensely  distant  that  these  oscillations  were  too 
sniall  to  be  seen.  Now,  the  apparent  oscillation  of  /Saturn 
produced  in  this  way  was  described  in  Part  I.,  and  shown 
to  amount  to  some  6°  on  each  side  of  the  mean  position. 
These  oscillations  were,  in  fact,  those  which  the  ancients 
represented  liy  the  motion  of  the  planet  around  a  small 
epicycle.  But  no  such  oscillation  liad  ever  been  detected 
in  u  fixed  star.  This  fact  seemed  to  present  an  almost 
insuperable  difficulty  in  the  reception  of  the  Copemican 
system.  This  was  probably  the  reason  why  Tyciio  Rkauk 
was  led  to  reject  the  system.  Very  naturaily,  therefore, 
as  the  instruments  of  observation  were  from  time  to  time 
improved,  this  apparent  aimual  oscillaHon  of  the  stars  was 
anlently  si>uj;lit  for.  "When,  about  the  year  17(>4, 
Il(jEMEK  thought  he  bad  detected  it,  he  published  his  ob- 
servations in  a  dissertation  entitled  '■^Copernicus  Triuin- 
p/tan«.'''  A  similar  attempt,  made  by  IIookk  of  England, 
was  entitled  ^*  An  AUempt  to  Prow  the  Motion  of  the 
Earth:' 

This  problem  is  identical  with  tliat  of  the  aimual  paral- 
lax of  tJie  fixed  stars,  which  has  been  already  described  in 
the  otiiicluding  section  of  our  opening  chapter.  This 
jmnillax  of  a  heavenly  body  is  the  angle  which  the  mean 
distance  of  the  earth  from  the  snn  subtends  when  seen 
from  the  body.  The  distance  of  the  body  from  the  sun  ia 
inversely  as  the  parallax  (nearly).  Thus  the  mean  distance 
of  Saturn  being  y.5,  its  annual  parallax  exceeds  6°,  while 
that  of  Neptune,  which  is  three  times  as  far,  is  about  2°. 
It  was  very  evident,  without  telescopic  observation,  that 
the  stars  could-  not  have  a  parallax  of  one  half  a  degree. 
They  must  thoicforo  be  at  least  twelve  times  as  far  as 
Saturn  if  the  CojKimican  system  were  true. 

When  the  telescope  was  applied  to  measurement,  a  con- 
tinually increasing  accuracy  began  to  be  gained  by  the 
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improvenieTit  of  t!ie  instruments.  Yet  for  several  ^nera- 
tions  the  parallax  of  the  tixed  stars  eluded  incasarement. 
Very  often  indeed  did  observers  think  they  had  detected 
a  parallax  in  some  of  the  brighter  stars,  ijnt  tlieir  succes* 
Bors,  on  repeating  their  measures  with  better  iiistniinents, 
and  investigating  their  methods  anew,  found  their  con- 
clusions erroneous.  Early  in  the  present  centiiry  it  be- 
came certain  that  even  the  lirigliter  stars  had  not,  in  gen- 
eral, a  parallax  as  great  as  1',  and  thns  it  became  certain 
that  they  must  lie  at  a  greater  distance  than  200,000  timee 
that  which  scpanites  the  eartli  from  the  sun. 

Success  in  actually  measuring  the  ])aranax  of  the  stars 
was  at  length  obtiincd  almost  simultaneously  by  two  as- 
trononiers,  Bkssel  of  Kdiiigwberg,  and  Stkuvk  of  Dorpat. 
Bessel  selected  for  his  star  to !«  ol»served  (U  Oyrjni,  and 
commenced  his  observations  on  it  in  August,  1837.  The 
result  of  two  or  three  years  of  observation  was  that  this 
star  had  a  parallax  of  0".35,  or  alxmt  one-third  of  a  sec- 
ond. This  would  make  its  distance  from  the  sun  nearly 
(iit(l,(MK(  astronomical  units.  The  reality  of  this  paral- 
lax lias  lieen  well  estahiished  Ijy  subse<pjent  investigators, 
only  it  luw  Ijeeii  sliowti  to  l)e  a  little  larger,  and  tlierefope 
the  star  a  little  nearer  than  Bessel  supposed.  The  int«t 
probable  parallax  is  now  found  to  be  0".r)l,  corresponding 
to  a  distance  of  40n,M(X»  radii  of  t!ie  earth's  orbit. 
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The  star  selected  by  Strhve  tur  the  measure  of  parallax  \ras  the 
bright  one,  tr  Lyr(r.  llis  observsitions  were  made  between  Novem- 
ber, 1S35,  and  Aujjust,  1838.  Me  tirst  deduced  a  parxllux  of  0".25. 
Subsequent  observers  have  reduced  this  parallax  to  0'-20,  corre- 
sponding to  a  distance  of  about  1,000,000  astronomical  units. 

Shortly  after  this,  it  wiis  found  by  Hendeksos,  of  England,  As- 
tronomer Royal  for  the  Cape  of  Good  Hope,  that  the  star<t  Crnlanri 
hud  a  still  larger  parallax  of  about  1'.  This  is  the  largest  parallax 
now  known  in  t)ie  case  of  any  fixed  star,  so  that  a  Centnuri  is,  be- 
yond all  reasonable  doubt,  the  nearest  fixed  star.  Yet  its  distance 
is  more  than  200,000  astronomical  units,  or  thirty  millions  of  mill- 
ions of  kilometres.  Light,  which  passes  from  the  sun  to  the  earth 
in  8  minutes,  would  recjuire  .SJ  years  to  reach  us  from  a  Centnuri. 

Two  metliods  of  determining  parallax  have  been  applied  in  as- 
tronomy. The  paraflax  found  by  one  of  these  methods  is  known  as 
almdut^,  that  by  the  other  as  relative  parallax.     In  determining  the 


absolute  parallax,  the  observer  finds  the  polar  distance  of  the  star 
as  often  as  possible  through  a  period  of  one  or  more  years  with  a 
meridian  circle,  and  then,  by  a  discussion  of  all  his  observations, 
concbides  what  is  the  magnitude  of  the  oscillation  due  to  parallax. 
The  difficulty  in  applying  this  method  is  that  the  refraction  of  the 
air  and  the  state  of  the  instrument  are  subject  to  changes  arising 
from  varying  temperature,  so  that  the  observations  are  always  un- 
certain by  an  amount  which  is  important  in  such  delicate  work. 

In  determining  the  relative  panilUu,  the  astronomer  selects  two 
stars  in  the  same  field  of  view  of  his  telescope,  one  of  which  is 
many  times  more  distant  than  the  other.  It  is  possible  to  judge 
with  fi  high  degree  of  probability  which  star  is  the  more  distant, 
from  the  magnitudes  and  proper  motions  of  the  two  objects.  It  is 
assumed  that  a  star  which  is  either  very  bright  or  has  a  large  pro- 
|K"r  motion  is  many  times  nearer  to  us  than  the  extremely  faint 
stars  which  may  lie  nearly  always  seen  around  it.  The  effect  of 
parallax  will  then  be  to  change  the  apparent  position  of  the  bright 
star  among  the  small  stars  around  it  in  the  course  of  a  year.  This 
change  admits  of  being  measured  with  great  precision  by  the  mi- 
crometer of  the  equatorial,  and  thu«  the  relative  parallax  may  be 
determined. 

It  is  true  that  this  relative  parallax  is  really  not  the  absolute  par- 
allax of  either  body,  but  the  difference  of  iheir  parallaxes.  So  we 
must  necessarily  suppose  that  the  parallax  of  the  smaller  and  more 
distant  object  is  zero.  It  is  by  this  method  of  relative  parallax 
tliat  the  great  majority  of  determinations  have  been  made. 

The  diBtanccfl  of  the  stars  are  sometimes  exprefieod  by 

the  tiiiio  required  for  light  to  pass  from  them  to  our  sys- 
tem. The  vehKiity  of  light  is,  it  will  ho  remembered, 
ttboiit  3iH),0(M)  kilometres  per  second,  or  such  as  to  pass 
from  the  sun  to  the  earth  in  8  minutes  18  seconds. 

The  time  required  for  light  to  reach  the  earth  from 
some  of  the  stars,  of  which  the  parallax  has  been  measured, 
is  as  follows : 


8T4B. 

Tem. 

Stab. 

Te«n. 

85 
6-7 
6-3 
0  9 
0-4 

10  5 

11  9 
IS  1 
IB-T 
17-9 

70  Ophiuchi. 

t  Vrinr  Majorit. . . . 

Arcturut 

y  Draeanit 

1880  Oroorobridge. 

PolnrU 

191 

61  Cygiii 

81,185  LaUnde 

i  Centauri. 

(i  Cauiopeia 

84  Groombridge. . . . 

31.258  Ulande 

17,415  Oelnen. 

Biriui 

S4-8 
«t-4 
851 
809 
49-4 

8077  Bradley 

85  Pegari 

4«1 
84<S 

a  Auriga. 

a  DrawtiU, 

701 

1291 

ta. 


The  visible  tniiveree,  as  revealed  to  us  by  the  telescope, 
is  a  collection  of  many  millions  of  stars  and  of  several 
thousand  iiebulffi.  It  is  sometimes  called  the  stellar  or 
sidereal  system,  and  sometimes,  its  already  remarke<l,  the 
stellar  universe.  The  most  far-reaching  question  with 
which  astronomy  has  to  deal  is  that  of  the  fonn  and  mag- 
nitude of  this  system,  and  the  arrangement  of  the  stars 
which  comiwse  it. 

It  was  once  supposed  that  the  stars  were  arranged  on 
the  same  general  plan  as  the  bodies  of  the  solar  system, 
being  divided  up  into  great  numbers  of  groups  or  clus- 
ters, while  all  the  stars  of  each  group  revolved  in  regular 
orbit.'*  round  the  centre  of  the  group.  All  the  groups  were 
supposed  to  revolve  around  some  great  common  centre, 
wliich  M-as  therefore  the  centre  of  the  visible  universe. 

But  there  is  no  proof  that  this  view  i.s  correct.  The 
only  astronomer  of  the  present  century  who  held  any  sncb 
doctrine  was  Maedler.  He  thonglit  that  the  centre  of 
motion  of  all  tlie  stars  was  in  the  /'fe/Wf*,  but  no  other 
astronomer  shared  his  views.  We  have  already  seen  that 
a  great  many  stars  are  collected  into  clusters,  but  there  is 
no  evidence  that  the  stars  of  these  clusters  revolve  in 
regular  orbits,  or  that  the  clueters  themselves  have  any 
regular  motion  arcimd  a  common  centre.  Bcsidos,  the 
large  majority  of  stara  visible  with  the  telescope  do  not 
appear  to  be  grouped  into  clusters  at  all. 
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Tlie  first  astronomer  to  make  a  careful  study  of  the 
arniii;;;fiiie!it  of  the  stai-s  wnth  a  view  to  learn  the  stnicture 
of  the  heavens  was  Sir  William  HERSt-HEL.  lie  published 
in  the  ]*h'd<j«ophie<il  Tr<ni«<ictions  several  memoirs  on  the 
conntniction  of  the  lieavens  and  the  arrangement  oi  the 
stars,  which  have  become  justly  celebrated.  We  shall 
therefore  begin  with  an  account  of  HicKstinEL's  methods 
and  results. 

Hekschel's  method  of  study  "was  founded  on  a  mode  of 
observation  whieh  he  callwl  ntur-tjaut/int/.  It  consisted  in 
pointing  a  powerful  telescope  tuwarij  various  part«  of  the 
heavens  and  ascertaining  by  actual  count  how  thick  the 
stars  were  in  each  region.  His  20-foot  reflector  was  pro- 
vided with  such  an  eye-piece  that,  in  looking  into  it,  he 
would  see  a  portion  of  the  heavens  about  15'  in  diameter. 
A  circle  of  this  size  on  the  celestial  sphere  has  about  one 
(juarter  the  apparent  surface  of  the  sun,  or  of  the  fuU 
moon.  On  pointing  the  telescope  in  any  direction,  a 
greater  or  less  number  of  stars  were  nearly  always  visible. 
These  were  counted,  and  the  direction  in  which  the  tele- 
scope pointetl  was  noted.  Gauges  of  this  kind  were  made 
in  all  partjj  of  the  sky  at  which  lie  could  point  his  instru- 
ment, and  the  results  were  tabulated  in  the  order  of  right 
iuicension. 

The  following  is  an  extract  from  the  gauges,  and  gives 
the  average  number  of  stars  in  each  field  at  the  points 
noted  in  right  ascension  and  north  polar  distance  : 
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KA. 

K.  P.  D. 

01*  lo«4< 

Na  or  SUra. 

B.A. 

S.  P.  D. 

7W  lo  80" 

No.  of  Stan. 

b.         m. 
15         10 
IS        88 

15  47 

16  8 
16       80 
16       87 

9  4 
10-6 
10  6 
131 
18-6 
186 

b.          m. 
11           6 
13        81 
13        44 

13  49 
18          5 

14  HO 

31 
8-4 
4-6 
8-9 

8-8 

3-0 
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In  this  Bmall  table,  it  is  plain  that  a  different  law  of 
clustering  or  of  distribution  obtains  in  the  two  re^ons. 
Such  differences  are  still  more  marked  if  we  compare  the 
extreme  cases  found  by  Heeschel,  as  R.  A.  =  IQ*  41'", 
N.  P.  D.  =  74°  33',  number  of  stars  per  field  ;  588, 
and  E.  A.  =  16"  10",  N.  P.  D.,  113°  4',  number  of 
stars  =  1-1. 

The  number  of  these  stars  in  certain  portions  is  very 
great.  For  example,  in  the  Milky  Way,  near  Orion,  six 
fields  of  view  promiscuously  taken  gave  110,  60,  70,  90, 
70,  and  74  stars  each,  or  a  mean  of  79  stars  per  field. 
The  most  vacant  space  in  this  neighborhood  gave  60  stars. 
So  that  as  Herschel's  sweeps  were  two  degrees  wide  in 
declination,  ui  one  hour  (15°)  there  would  pass  through 
the  field  of  his  telescope  40,000  or  more  stars.  In  some 
of  the  sweeps  this  number  was  as  great  as  116,000  sXm 
in  a  quarter  of  an  hour. 

On  applying  this  telescope  to  the  Milky  Way,  Hek- 
SOHEL  supposed  at  the  time  that  it  completely  resolved  the 
whole  whitish  appearance  into  small  stars.  Tliis  conclu- 
sion he  subsequently  modified.     He  says  : 


"  It  is  very  probable  that  the  great  stratum  called  the  Milky  Way 
is  that  in  which  the  sun  is  placed,  though  perhaps  not  in  the  very 
centre  of  its  thickness. 

"  We  gather  this  from  the  appearance  of  the  Galaxy,  which 
seems  to  encompass  the  whole  heavens,  as  it  certainly  must  do  if 
the  sun  is  within  it.  For,  suppose  a  number  of  stars  arranged  be- 
tween two  parallel  planes,  indefinitely  extended  every  way,  but  at 
a  nven  considerable  distance  from  each  other,  and  calling  this  a 
sidereal  stratum,  an  eye  placed  somewhere  within  it  will  sec  all 
the  stars  in  the  direction  of  the  planes  of  the  stratum  projected  into 
a  great  circle,  which  will  appear  lucid  on  account  of  the  accumu- 
lation of  the  stars,  white  the  rest  of  the  heavens,  at  the  sides,  will 
only  seem  to  be  scattered  over  with  constellations,  more  or  less 
crowded,  according  to  the  distance  of  the  planes,  or  number  of 
stars  contained  in  the  thickness  or  sides  of  the  stratum." 

Thus  in  HEiiacHEL'g  figure  an  eye  at  iS  within  the  stratum  ah 
will  see  the  stars  in  the  direction  of  its  length  ah,  or  height  ed, 
"ith  all  those  in  the  intermediate  situation.s,   projected  into   the 

dd  circle  A  OBJ),  while  those  in  the  sides  mv,  n  ui,  will  b«  seea 

tttered  over  the  remaining  part  of  the  heavens  M  V N  W. 
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"  If  the  CTC  were  placed  somewhere  without  the  gtratum,  «t  no 
very  great  (listance,  the  appearance  of  the  stars  within  it  would 
assume  the  form  of  one  of  the  smaller  circles  of  the  sphere,  which 


l.> 


Fig.  180. — BXRacHEi.'B  thbobt  of  thk  steixar  btbtbm. 

would  l>c  more  or  less  contracted  according;  to  the  distance  of  the 
eye  ;  and  if  tins  distance  were  ezcce<lingly  increased,  the  whole 
stratum  might  at  last  be  drawn  together  into  a  lucid  spot  of  any 
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shape,  according  to  the  Icn^li,  breadth,  and  height  of  the  stn> 
turn. 

"Suppose  that  a  sinailer  stratum  jt  q  Khould  branch  out  from 
the  former  in  a  certain  direction,  and  that  it  also  is  containeii 
between  twn  pnmllc!  plimes,  so  th.'it  the  eye  is  contained  within 
the  great  slratuin  soracwhero  before  the  separation,  and  not  far 
from  the  (>l:icc'  wliero  the  strata  are  still  united.  Then  this  c^econd 
Ntratniii  will  not  bo  projected  into  a  briRhl  circle  like  the  former, 
but  it  will  be  seen  as  a  lucid  branch  proceeding  from  the  first,  and 
n-turniiig  into  it  again  at  a  distance  less  than  n  i^eniicircie. 

"In  the  fl^iro  the  stars  in  the  sniat!  stratum  ;>  q  will  be  pro- 
jected into  a  bright  arc  P  R  li  P,  which,  after  its  separation  from 
the  circle  '.'  B  D,  unites  with  it  again  at  /'. 

"]f  the  bounding  surfaces  are  not  parallel  planes,  bat  irregularljr 
curved  surfaces,  analogous  appearances  must  result." 

The  Milky  Way,  as  we  see  it,  presents  the  aspect  which 
has  been  just  accounted  for,  in  its  general  appearance  of  a 
girdle  around  the  heavens  and  in  its  bifnrcsition  at  a  cer- 
tain point,  and  IIerschicl's  e.xplaiiatiun  of  this  appear- 
ance, as  just  given,  has  never  been  seriously  questioned 
One  doubtful  point  remains:  are  the  stars  in  Fig.  135 
scattered  all  througli  the  space  i?  —  ahpd'i  or  are  they 
near  it*  botuiding  planes,  or  clustered  in  any  way  within 
this  space  so  as  to  produce  the  same  result  to  the  eye  as  if 
iiuifonuly  distributed! 

IIkrbcuel  assumed  that  they  were  nearly  equably  ar- 
ranged all  through  the  8])ace  in  question.  lie  only  cTam- 
iiied  one  other  arrangement — viz.,  that  of  a  ring  of  stan 
Burrtiuiiding  the  sun,  and  he  pronounced  against  such  an 
arrangement,  for  the  reason  that  there  is  absolutelv  noth- 
ing in  the  size  or  brilliancy  of  the  sun  to  cause  lis  to  sup- 
pose it  to  be  the  centre  of  such  a  gigantic  system.  No 
reason  except  its  importance  to  us  personally  can  be  alleged 
fur  such  a  supposition.  By  the  assumptions  of  Fig.  135, 
each  star  will  have  its  own  a]i]U'arance  of  a  gala.vy  or  milky 
way,  which  will  vary  according  to  the  situation  of  the  star. 

Snob  an  explanation  will  accnunt  for  the  general  appoar- 
ances  of  the  Milky  Way  and  of  the  rest  of  the  sky,  sup- 
posing the  stars  ctpially  or  nearly  equally  distril>uted  in 
space.     Oa  this  supposition,  tlie  system  niiist  be  <le«i>cr 
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[  whore  the  Bters  appeiir  inure  nuiueroua.  The  same  evi- 
(leiico  can  be  strikingly  preeented  in  another  way  so  as  to 
include  the  result*  of  the  soutlicrn  gauges  of  Sir  John 
Hekschel.  The  Galaxy,  or  Milky  Way,  being  nearly  a 
great  circle  of  the  spliere,  we  may  compute  the  position 
of  its  north  or  south  polo;  and  as  the  position  of  our  own 
polar  points  can  evi<lciitly  have  no  relation  to  tlie  stellar 
universe,  we  express  the  position  of  the  gauges  in  galactic 
polar  distance,  north  or  south.  By  subtracting  these 
pr)!ar  distances  from  9(>'^,  wc  ishal!  have  the  distance  of  each 
gauge  from  the  central  plane  of  tlie  (xalaxy  itself,  the  stars 
near  90°  of  polar  disfamee  being  within  the  Galaxy.  The 
average  number  of  stars  per  field  of  15'  for  each  zone  of 
1.5°  of  galactic  polar  distiuice  has  been  tabulated  by  Stedvh 
and  Herscuei.  as  follows: 


Zonn  of  OalacUc 

Averapi  Nnmber 

Zoora  of 

Average  Number 

NurtU  I'olif 

of  Slarn  pi-r 

G>Uctic  Suuth  PoUr 

of  sun*  IMT 
Field  of  t.V. 

I>l«l«oc«. 

Field  of  IV. 

UiKUoce. 

0°   to  15" 

4S2 

0"   to  IS* 

u  or> 

15°   to  SO- 

5  42 

15'   to  80° 

6  63 

SO"   to  46" 

8-21 

30'   to  45' 

0-oe 

45'   to  60° 

13  61 

«'   to  80' 

13  W 

60'   to  75" 

24  00 

60'   to  75* 

SB  29 

75°   to  00° 

63-43 

75'  to  90' 

60U0 

This  talile  clearly  shows  that  the  superficial  distribution 
of  stars  from  the  first  to  the  fifteenth  magnitudes  over  the 
apparent  eele^itial  bj)here  is  such  that  the  vast  majority  of 
them  are  in  that  zone  of  30°  wide,  which  includes  the 
Milky  Way.  Other  inde{)endent  researches  have  shown 
that  the  fainter  lucid  stars,  considered  alone,  are  also  dis- 
tribiited  in  greater  numi>cr  in  this  zone. 


Heiisciiel  endeavored,  in  his  early  nicmoirs.  to  find  the  physical 
explanation  of  this  ine<|ualily  of  distribution  in  the  theory  of  the 
universe  cxeinplitiod  in  Fi);.  136,  which  wat  based  on  the  funda* 
menial  assumption  that,  ou  the  whole,  the  stars  were  Dearly  equably 
distributed  in  space. 
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If  they  were  so  distributed,  then  the  number  of  stars  visible  n. 
imy  gauge  would  show  the  thickness  of  the  stellar  Hystcm  in  the 
direction  in  which  the  telescope  was  jKjinted.  At  oach  {>oiDtiii^. 
the  field  of  view  of  the  intitrument  includes  all  the  visible  fUm  rit- 
uiited  within  ii  cone,  hiiving  its  vertex  at  the  observer's  eye,  and  it» 
base  at  the  very  limits  of  tlie  system,  the  angle  of  tlio  cone  (at  tht 
eye)  being  IV  4'.  Then  the  culics  of  the  perpendiculars  let  ftl) 
from  the  eye  on  the  plane  of  the  bases  of  the  various  visual  cont* 
are  ))ro]>(irtional  to  the  solid  contents  of  the  cones  tliemselves,  nr. 
the  stars  are  supposed  eqtially  scattered  within  all    tl»e  cone%; 

cube  roots  of  the  numbers  of  stars  in  each  of  the  fields  exprt       

relative  lengths  of  the  perpendiculars.  A  xrtion  of  the  sidereal  tj»- 
tcni  along  any  great  circle  can  thus  be  constructed  as  in  the  figurt, 
which  is  copied  from  Herbciiki-. 

'I'lic  solar  system  is  8up>posed  to  bo  at  the  dot  ivithin  the  mas  of 
stars.  From  this  point  lines  arc  drawn  nluug  the  din?ction»  is 
whi(^h  the  gauging  telescope  wa-H  pointed.  On  these  lines  art-  laid 
off  lengths  ]iroportional  to  the  cube  roots  of  the  number  of  aton  ii 
each  gauge. 


FlO.    136. — ARRANOEMENT    OP    TITK   STARS  ON    THE    HTPOTHESIS  OF 
FXirAUI.e    DISTKIHL'TION. 

The  irregular  line  joining  the  terminal  point*  is  approximately 
the  bounding  curve  iif  the  stellar  system  in  the  great  circle  choten. 
Within  this  line  the  a]mee  is  nearly  unifonnly  tilled  with  stan. 
Without  it  is  empty  space.  A  similar  section  can  be  constructed  in 
any  other  great  circle,  and  a  combination  of  all  such  would  (ri^e  a 
representation  of  the  shape  of  onr  stellar  system.  The  more  numer- 
ous and  rarcfii!  the  observations,  the  more  elaborate  the  represen- 
tation, and  the  Hii:!  pitiges  of  HF.nsciira,  are  sufficient  to  mark  ont 
with  great  precision  the  main  features  of  the  Milky  Way,  and  even 
to  indicate  some  of  its  chief  irreg\ilaritie8.  Tliis  fi(^ro  may  be 
compared  with  Fig.  l:W. 

On  the  ftinel.imi'nt:il  a,ssumpllon  of  FIkrschfx  Cequablc  distribi^ 
lion),  no  other  conclusions  can  be  drawn  from  his  statistica  bat 
that  drawn  by  him. 

This  assumption  he  subsequently  modified  in  some  defrree,  tad 
was  led  to  regard  his  gauges  as  indicating  not  so  much  the  drpth 
of  the  system  in  any  direction  as  the  clustering  power  or  tendenrr 
of  the  stars  in  those  siwcinl  regions.     It  is  clear  that   if  in  ^ai 
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given  part  of  the  sky,  where,  on  tlvo  nveragc,  there  arc  10  stnra 
(say)  fi)  a  tield,  we  should  find  n  rcrtain  small  jwrtion  of  100  or. 
more  to  a  tieitt,  then,  on  lU:iu)(  iiki/a  first  hyp<itlic»is,  rigoroiwly  in- 
terpreted, it  would  he  necesjuiry  to  8iipi>08c  a  8pikc-ahaped  protu- 
berance directed  from  the  earth  in  order  to  explain  the  increased 
number  of  stars.  If  many  such  places  could  be  found,  then  the 
probability  is  grait  that  this  cxjilunation  is  wrong.  We  should 
more  rationally  suppose  some  real  inequality  of  star  distributioa 
hero.  It  is,  in  fact,  in  just  such  details  that  the  .sy.stem  of  Hkr- 
BciiKi.  breaks  down,  and  the  careful  examination  which  his  system 
has  received  leads  to  the  belief  that  it  nvust  b<"  greatly  modified  to 
cover  all  the  known  facts,  while  it  uudoubledly  has,  in  the  main,  a 
strong  basis. 

The  stars  are  certainly  not  uniformly  distributed,  and  any  gfen- 
eral  theory  of  the  sidereal  system  must  take  into  account  the  varied 
tendency  to  aggregation  in  various  parts  of  the  sky. 

The  curious  convolutions  of  the  Milky  Way,  observed  at  variou* 
parts  of  its  course,  seem  inconsisti-nt  with  the  idea  of  very  great 
depth  of  this  stratum,  and  Mr.  Proctor  ha.s  pointed  out  that  the 
circular  forms  of  the  two  "coal-sacks"  of  the  isouthern  Milky  Way 
indicate  that  they  are  really  globular,  instead  of  being  eylindric 
tunnels  of  great  length,  looking  into  space,  with  their  axes  directed 
toward  the  earth.  If  they  are  globular,  then  the  depth  of  the 
Milky  Way  in  their  neighborhood  cannot  be  greatly  different  from 
their  diameters,  which  would  indicate  a  much  smaller  depth  thao 
that  assigned  by  Herschel. 

In  1817,  IIerscrel  published  an  important  memoir  on  the  vame 
subject,  in  which  his  first  method  was  largely  modified,  though 
not  abandoned  entirely.  Its  fundamental  principle  was  stated  by 
liim  as  follows  : 

"  It  is  evident  that  we  cannot  mean  to  aiUrm  that  the  stars  of  the 
fifth,  sixth,  and  seventh  magnitudes  are  really  smaller  than  those 
of  the  first,  second,  or  third,  and  that  we  must  ascribe  the  cause 
of  the  difference  in  the  apparent  magnitudes  of  the  stars  to  a  differ- 
ence in  their  relative  distances  from  us.  On  account  of  the  great 
numlier  of  stars  in  each  class,  we  muM  also  allow  that  the  stars  of 
each  succeeding  magnitude,  beginning  with  the  first,  are,  one  with 
another,  further  from  us  than  those  uf  the  maKoitudc  immediately 
preceding.  The  relative  magnitudes  give  only  relative  distance*, 
and  can  afford  no  information  as  to  the  real  diktance*  at  which  the 
stars  are  placed. 

"  A  standard  of  reference  for  the  arrangement  of  the  stars  mar 
be  had  by  comparing  their  dbtribution  to  a  certain  properly  mod- 
ified equality  of  scattering.  The  equality  which  I  propose  does  not 
require  that  the  stars  should  be  at  equal  distances  from  each  other, 
nor  is  it  necessary  that  all  those  of  the  same  nominal  magnitude 
should  be  equally  distant  from  us." 

It  consist!!  of  allotting  a  certain  equal  portion  of  space  to  every 
star,  so  that,  on  the  whole,  each  equal  portion  of  sp«ca  within  the 
stellar  system  contains  an  equal  number  of  ttan. 


Till)  sjMico  alwut  <>ach  star  can  be  considered  spherical.      Sup- 
pose such  u  sphere  to  surround  our  own  sun,   its  radius   will  not 

diffjT  greatly  from  the 
diHtance  of  the  nearest 
fixed  star,  and  this  is 
taken  as  the  unit  of 
distance. 

Suppose  a  scries  of 
larger  spheres,  all 
drawn  around  our  son 
ad  a  centre,  and  having 
the  radii  3,  5,  7.  9, 
etr.  nie  conic:  tsof 
the  spheres  l>cinff  as 
the  cubes  of  tbcir 
diameters,  the  first 
sphere  will  liave  3  x  S 
X  3  =  27  times  the 
volume  of  the  unit 
sphere,  and  will  there- 
fore he  large  enough 
to  contain  27  stars ; 
the  second  will  have 
Vi'i  times  the  volume, 
and  will  therefore  con- 
tain Via  stars,  and  so 
with  the  successive 
spheres.  The  figure 
shows  a  .section  of 
portions  of  these 
spheres  up  to  that 
with  radius  11.  Above 
the  centre  arc  given 
the  various  orders  of 
Btar.s  which  arc  situ- 
ated l)etwecn  the  sev- 
eral spheres,  while 
in  the  corresponding 
spaces  l)elow  the  cen- 
tre are  given  the  num- 
ber of  stars  which  the  repon  is  large  enough  to  contain  ;  for  in- 
stance, the  sphere  of  ra<liuH  7  Iiils  room  for  34!!  stars,  but  of  this 
space  125  parts  belong  to  the  spheres  inside  of  it  :  there  is,  there- 
fore, room  for  218  stars  between  the  spheres  of  radii  5  and  7. 

TIerschel  designates  the  several  distances  uf  these  layers  of 
stars  as  orders  ;  the  stars  between  splieres  1  and  3  are  of  the  first 
order  of  distance,  those  between  3  and  5  of  the  second  order,  mnd 
so  on.  Comparing  the  room  for  stars  between  the  several  spheres 
with  the  number  of  stars  of  the  several  magnitudes,  be  found  the 
result  to  be  OS  follows  : 


137. — ORDERB    OF  DISTANCE  OP  STABa 
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Order  of  DIatnce. 

Numbi-r  of  8t«n 
UitTC  l«  Ruum  for. 

Magnttnda. 

Nnmbpr  of  8Urm 
oftlMt  Maicnituda. 

1 

2 

36 
98 

218 
8S6 
A02 
860 
1,178 
1,538 

1 
3 
3 
4 

S 
6 

17 
07 

8 

2M 

4 

454 

S 

1,101 

0 

0  103 

7 

6,140 

8 

The  result  of  this  comparison  is,  that,  if  the  order  of  magnitudes 
could  indicate  the  distance  of  the  stars,  it  would  denote  at  first  a 
griuluut  and  afterward  a  very  abrupt  condenitution  of  them. 

If,  on  the  ordinary  scale  of  nitignitudes,  wo  assume  the  brightness 
of  any  star  to  be  inversely  proportional  to  the  square  of  its  dis- 
tance, it  leads  to  a  scale  of  distance  different  from  that  adopted  by 
Herscuki.,  so  that  a  sixth-magnitude  stur  on  the  common  sculu 
would  be  about  of  the  eighth  order  of  distance  according  to  this 
scheme — that  is,  we  must  remove  a  star  of  the  first  miignitiide  to 
eight  times  its  actual  distance  to  make  it  shine  like  a  star  of  the 
sixth  magnitude. 

On  the  scheme  here  laid  down,  Herscuki.  subsequently  assigned 
the  urdfr  of  distance  of  various  objecU,  mostly  8tur-<:lu«ten>,  and 
his  estimates  of  these  distances  are  still  quoted.  They  rest  on  the 
fundamental  hyiwthesis  which  has  been  explained,  and  the  error 
in  the  assumption  of  equal  brilliancy  for  all  stars,  affects  these  esti- 
mates. It  is  ]>erhaps  most  probable  that  the  hy|>othesi.s,  of  equal 
brilliancy  for  all  stors  is  still  more  erroneous  than  the  hyiKithesis 
of  equal  distribution,  and  it  may  well  l>e  that  there  is  a  very  large 
range  indeed  in  the  actual  dimensions  and  in  the  iutrinsic  brilliancy 
of  stars  ut  the  same  order  of  distance  from  us,  so  that  the  tenth- 
magnitude  stars,  for  example,  may  be  scattered  throughout  the 
spheres,  which  IlEKsciieL  would  assign  to  the  seventh,  eighth, 
ninth,  tenth,  eleventh,  twelfth,  and  thirteenth  magnitudes. 

Since  the  time  of  Hkiischei.,  one  of  the  most  eminent  of  the  as- 
tronomers who  have  investigated  this  subject  is  Stri've  the  elder, 
formerly  director  of  the  I'ulkowa  Ohser>'atory.  His  researches 
were  founded  mainly  on  the  numbers  of  stsrs  of  the  several  magni- 
tudes found  by  Bkssel  in  a  zone  thirty  degrees  wide  extending  all 
around  the  heavens,  15'  on  each  side  of  the  equator.  With  these 
he  combined  the  gauges  of  Sir  WnxiAM  Hersciiel.  The  hypothesis 
on  which  he  based  his  theory  was  similar  to  that  employed  by 
Herschel  in  his  later  researches,  in  so  far  that  he  supposed  the 
magnitude  of  the  stars  to  furnish,  on  the  average,  a  measure  of 
their  relative  distances.  Supposing,  after  Hkrsiiiei.,  a  numljer  of 
concentric  spheres  to  be  drawn  around  the  sun  us  a  centre,  the  suc- 
oeMive  spaces  between  which  corresponded  to  stan  of  tlie  several 
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magnitudes,  he  found  that  the  further  out  he  Trent,  the 
stars  were  condensed  in  and  near  the  Milky  Way.     Thia 
may  be  drawn  at  once  from  the  fact  we   have  already 
that  the  smaller  the  stars,  the  more  they  are  condensed  in  tta 
gion  of  the  Galaxy.     Strcvk  found  that  if  we   take  only  Out 
plainly  visible  to  the  naked  eye — that  is,    thot>«  down  to  the 
magnitude — they  are  no  thicker  in  the   Milky  Way  tltta  ia  at 
partj  of  the  heaven».      But  those  of  the    sixth   magnitade  ■ 
little  thicker  in  that  region,  those  of  the  seventh  yet   thiclu*, 
soon,  the  inequality  of  distribution  jjecoming  constantly  grtHtOi 
the  telescopic  power  ia  increased. 

From  all  Ibis,  Strcte  concluded  that  the  stellar  syatem  ■ 
be  considered  as  com|)osed  of  layers  of  stars  of  various  deusitia 
parallel  to  the  plane  of  the  Milky  Way.  The  stars  are  thiLkeM  ia 
near  the  central  layer,  which  he  conceives  to  be  spread  out  as  aw 
thin  sheet  of  stars.  Our  sun  is  situated  near  the  middle  of 
layer.  As  we  pass  out  of  this  layer,  on  either  side  we  find 
stars  constantly  growing  thinner  and  thinner,  but  we  do  ooln 
any  distinct  )>oundary.  As,  if  we  could  rise  in  the  atmi 
should  lind  the  air  constantly  growing  thinner,  but  at  so 
rate  of  progress  that  we  could  liardly  say  where  it  terminal 
on  Struvk's  view,  would  it  be  with  the  stellar  system,  if  we 
mount  up  in  a  direction  perpendicular  to  the  Milky  Way 
gives  the  following  table  of  the  thickness  of  the  stars  on  each 
of  the  principal  plane,  the  unit  of  distance  being  that  of  tb* 
tremu  distance  to  which  Uersc'Oicl's  telescope  could  ftenetrat* : 


DUiance  frum  Priaclpal  Plane. 


Dcniitx. 


In  the  priuripal  plane 

0-05  from  principal  plane. 
10 


30 
80 
40 
60 
SO 
70 
80 
806 


1  1)000 

0-483W 

0-33888 

0-88805 

O'lTOdO 

0  13031 

0  08046 

O'OSSIO 

0  03079 

0  01414 

000533 


000 

278 

4SS 

«I1 

778 

873 

8  981 

8  8» 

8- 

IStj 

-i 

m 

5 

TSP 

This  condensation  of  the  stars  near  the  central   plane   sad  tl 
gradual  thinning-out  on  each  side  of  it   arc  only  desig-ned  to  b*  I 
e.xpre,ssion  of  the  general  or  average  distribution   of   Ukms 
The  probability  is  that  even  in  the  central  piano  the  «Ur»  mm  i 
times  as  thick  in  some  regions  as  in  others,  and  that,  as  we  lew 
plane,  the  thinning-out  would  be  found  to  proceed  at  Tery  difl 
rmt«s  in  di&ereAX  ni^ooa.  tb»x\:b«t«  iaa:j  \>«  v^MduAl  thjiiuiii 
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cannot  be  denied  ;  but  Struve's  attempt  to  form  a  table  of  it  is  opun 
to  the  serious  objection  that,  like  Hek«uei,,  Ul- svjpposed  the  differ- 
ences Iwtween  the  magnitudes  of  the  stars  to  arise  entirely  from 
their  different  distances  from  us.  Although  wliere  the  scattering 
of  the  stars  is  nearly  uniform,  this  supposition  may  not  lend  us  into 
serious  error,  the  case  will  be  entirely  different  where  we  have  to 
deal  with  incgiilar  masses  of  stars,  and  es})ecially  where  our  tele- 
scopes |>enetrate  to  the  Imiindary  of  the  stellar  system.  In  the 
latter  ca.sc  we  cannot  possibly  distin^ish  between  small  stars  lying 
within  the  boiinclnry  and  larger  ones  scattered  outside  of  it,  and 
Stritvk's  gradual  thinning-out  of  the  stars  may  be  entirely  ac- 
counted for  by  great  diversities  in  the  absolute  brigbtneM  of  the 
stars. 

Distribution  of  Stars. — Tlie  brightnes*  li  of  any  star,  na  seen 
frnni  llii-  <'nrtli,  dejieiKls  U|H)ii  its  surface  .S,  the  inlcuslly  of  its  light 
per  unit  uf  surface,  i,  and  its  distance  D,  ao  that  its  brigutuesa  can  bo 
expresaed  tbas  : 

8*1 


Lf    • 

for  another  star : 

and 

B          8-  i 
B"    ~  8'  ■  i' 

Now  tliia  ratio  of  the  brightness  B  ^  B'  \b  the  only  fact  we  usually 
know  with  rcgnrtl  to  any  two  stars.  J)  has  Ix-en  cletcmiined  for 
only  a  few  sturs,  Biid  f.ir  these  it  varlea  between  200,000  and  2,0O0,0O0 
timra  the  mean  radius  of  the  earth's  orbit.  8  and  t  are  not  known  for 
any  star.  There  is,  however,  a  protMbility  that  t  does  not  vary  greatly 
from  star  to  star,  aa  the  great  majority  of  stars  are  white  in  color  (only 
some  700  red  atari,  for  mstance,  are  known  out  of  the  300,000  which 
have  bren  carefully  examined).  Among  476  double  stars  of  Stkuve's 
list  295  were  white,  63  being  bluish,  only  one  fourth,  or  118,  being 
yellow  or  red. 

If  B  is  of  ibe  nth  mag.  Ha  light  in  terma  uf  a  first  magnitude  star 
U  <)•  - '  where  d  =  0  397.  and  If  B'  is  of  the  with  mag.,  its  light  is 
4>  -  >,  both  expreaaed  in  terms  of  the  light  of  a  first  magnitude  star  aa 
nnity  (<)•  =  1). 

Therefore  we  may  put  JJ  =  <»•-',  .B*  =  *•-  ',  and  we  hara 


d.-t 


=  *•--  = 


8 


D^ 


8' 


/J» 


In  thia  general  expreaaion  we  aeek  the  ratio 


1/  • 


and  w«  hare  it 


We  moat  therelbrw 


expreaaed  in  terms  of  four  unknown  quantities, 
make  some  supposition  in  regard  to  tbeae. 

I.  I/aU  ttart  are  of  equal  intrintie  briUianey  and  of  equat  tut,  then 


8i  =  8^i',  and  *•  -  "  =  a  cunatant  = 
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wbence  the  reUtive  dlttance  of  any  two  st*n  would  be  known 
hypotUesia. 

H.  Or.tuppotf  the  Uart  lobe  uniformly  dittrihuUd  in  jpoar,  «r 
star  denHity  to  be  equal  in  all  directions.  Krom  thi»  »r  eui  I 
obtaio  eome  notions  of  the  relative  distancva  of  stars. 

Call  2)i,  Dt,  D, />.   llie  average  disUooM  of  sUn  «f 

1,  2.  3. . .  ntl>  liiagiiimcles 

K  A'  atani  are  »iiiiniod  within  tin*  splieru  of  radiua  1,  tlitv  tb«n 
ber  of  stars  (Q,),  situated  within  the  sphere  of  radius  /).,  is 

Q.  =  K    (/).)•. 

since  the  cable  contents  of  spheres  are  as  the  cabea  of  their  m 
Also 

wbenoe 

A  -  .  ~  ^   V.  - 1 

Tf  we  knew  Q,  and  Q,  -  i,  ihi-  number  of  stars  contained 
spheres  nf  radii  D.  and  D.      i,  then  the  ratio  of  h,   and  /'.  .  i 
l)e  known.     We  cannot  kno»v  Q,.   Q,  _  i,   etc.   liit'-rllv.  but  •• 
suppose  these  quantities  to  l)e  iihiportional  to  the  nunilM-mor 
tlie  nth  and  (n  —  llCh  nin|;n>tu<lt«  found  in  an   enuuirration  of  all 
stars  in  tht>  heavrus  of  these  maitnitudes,  or,  fsilintr  in   llinw  data, 
may  coufioe  this   euumeration    to  the    northern    liptnisnhvrv.    Wl 
LlTTliow  has  counted  the  nniuber  of  stars  of  encli   cl&sii  la    '~ 
DBR's  DurehmuitfTUng.     As  we  liave  seen  (p.  436) 


slani 


whence 


Q,  =  10.689  and  Q,  =  77.794, 


and  this  would  lead   ns  to  infer  that  the  stars  of  the  8tb  i 
were  distributed  inside  of  a  sphere  whose  radius  was  about   i  fl 
that  of  the  corroscKiudin;;  sphere  for  the  Tih  mo^itude  star*  pi 
that,  1st,  the  stars  in  general  arc  ei^iinllT  or  about  u(|ually  'Itoir 
and,  2d,  that  on  llio  whole  the   star*  of  the  8  . . .  .  n  masnitu 

further  away  from  us  than  those  of  the  7 (n  —  1)  manltil^ 

We  may' have  a  kind  of  test  of  the  truth  of  this  hjrpolhoi*.  I 
the  first  employed,  as  follows :  we  itad 


Also  from  the  first  hypothesis  the  brisrhtaeas  &  of  »  aior  of  tbs  i 
luajrnitade  in  terms  of  a  first  magiiltade  star  =  1  waa 

B.  ^  d--: 

If  here,  a((aln,  we  sappoM  the  distanon  of  a  fint  nwgnUadBM*r( 
be  =  1  and  of  an  nth  magnitude  star  J>,,  tben 


ComptLiing  tbe  expreagion  for  -jr-  ^ — ,  in  the  two  i 


Tf  the  Tslup  of  i  in  this  last  expression  comus  near  lo  the  value  which 
has  Ix-en  deduced  for  It  from  direct  photoinetrlc  meaauree  of  the 
relntive  inleositj  of  various  classes  of  stars,  ru ,  il  =  0-41),  then  this 
will  l>«  so  far  an  argument  lu  slmw  that  a  certain  amount  of  credence 
maj  1)0  given  to  both  hy[)OtheBes  I.  and  II.  Taking  the  values  uf 
Q,  and  Q„  we  have 


From  the  values  of  Q,  and  Qu  there  results  i{,, ,)  =  0-45.  The*-, 
then,  a;;ree  tolerably  well  with  the  independent  photometric  values 
for  i,  and  show  that  the  equation 


gives  tbe  average  distance  of  the  stars  of  the  nth  magnitude  with  a 
certaio  approach  to  accuracy.  For  the  stars  from  lat  to  8th  magni . 
tude  these  ilistanceH  itru  : 


Tliis  iirefledtation  of  the  subject  is  essentially  that  of  Pro!   Bcoo 
UrLoiif. 


2  to  2-9 
8  to  3  9 

4  to  4-9 

5  to  (5-9 

6  U>  00 

7  to  7-9 

8  to  8-9 


1 '  0  msgnitade. 1-00 


CHAPTER    VIII, 

COSMOGONY. 

A  THEORY  of  the  operations  by  which  tl»e  uniTeree 
ceived  its  preseut  form  and  arrangement  is  called  Ci 
any.     This  subject  does  not  treat  of  the  origin  of 
but  only  with  its  transfonnntions. 

Three   systems  of  Cosmogony  have  prevailed 
thinking  men  at  different  times. 

(1.)  That  the  universe  had  no  origin,  bnt  existed 
eternity  in  the  form  in  which  we  now  sec  it. 

(2.)  That  it  was  created   in   its   present    shape 
moment,  out  of  nothing. 

(3.)  That  it  came  into  its  present  form  throngh  an  ar< 
rangement  of  materials  which  were  before  ' '  witbont  fomi 
and  void." 

The  last  seems  to  be  the  idea  wliich  has  most  prevailed 
among  thinking  men,  and  it  receives  many  t^t  "  ' 
firmations  from  the  scientific  discoveries  of  ni.. 
The  latter  seem  to  show  beyond  all  reasonable  donbt 
tlio  universe  could  not  always  have  existed  in  its  pi 
form  and  under  its  preseut  conditions  ;  that  there  waa  a 
when  the  materials  composing  it  were  maaeeB  of  glowioi^ 
vapor,  and  that  there  will  be  a  time  when  the  present  stato 
of  tilings  will  cease.  The  explanation  of  the  procenc*. 
through  which  this  occurs  is  sometimes  called  the  n^shuJar 
hyjMthi'siJt.  It  was  first  propounded  by  the  philosophen 
SwKDKNW)KO,  Kant,  and  Lapi.ace,  and  altliough  nnee 
greatly  modified  in  detail,  the  views  of  these  men  have  in 
the  main  been  TcXaiue^  -vmsXaV  'Ofta  -^T^sfe-RV.  Vxros,. 


COSMOGONT. 


493 


We  shall  begin  its  consideration  by  a  statement  of  the 
arioiis  facts  which  api>ear  to  show  that  the  earth  and 
lanets,  as  well  as  the  sun,  were  once  a  fiery  mass. 
Tlie  fii>it  of  tliesc  facts  is  the  gnuliiJil  but  ui\iform  in- 
■ease  of  temperature  as  we  descend  into  the  interior  of 
e  earth.  Wherever  mines  have  been  dug  or  wells  sunk 
a  great  (ieptti,  it  is  foiitid  that  the  ternpeniture  increases 
we  go  dowTiwurd  at  the  rate  of  about  one  degree  centi- 
e  to  every  30  metres,  or  one  degree  Falirenheit  to 
every  TiO  feet.  Tlie  rate  difTerB  in  diiTerent  places,  but  the 
general  average  is  near  this.  Tlie  conclusion  which  we 
draw  from  this  may  not  at  first  sight  be  obvious,  because 
it  nuiy  seem  that  tlie  eartli  might  always  have  shown  this 
same  increase  of  teinperuturc.  But  there  are  several  re- 
sults which  a  little  thought  will  make  clear,  although  their 
complete  establishment  requires  the  use  of  the  higher 
^^mathematics. 
^H  The  first  result  is  that  the  increase  of  tem])erature  can- 
^fbot  be  merely  su])erfieial,  but  must  extend  to  a  great 
^Bepth,  prol)ably  even  to  the  centre  of  the  eartli.  If  it  did 
not  so  extend,  the  heat  would  have  all  Iteen  lost  long  ages 
ago  by  conduction  to  tlie  interior  and  by  radiation  from 
the  surface.  It  is  eertJtin  tiiat  the  earth  has  not  received 
any  great  supply  of  heat  from  oateide  since  the  earliest 
geological  age.s,  Ikhsiukc;  such   .1  '  ',  of  hcjit  at  the 

earth's  surface  would  Imve  d'  ife,   and  even 

melted  all  the  rocks.  :it  tlierc  is 

in  the  interinr    '  ''  '-       '  c- 

fore  the  comn  d 

through  all  gvtologicai  t. 

The  interior  of  t'  ''    c, 

and  hottw  tlmn  ' 
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surface.  Ou  reacliing  tlte  surface,  it  must  be  radiated  off 
into  space,  else  the  surface  would  have  long  ago  become 
as  hot  as  tlie  interior.  Moreover,  tliis  loss  of  heat  miut 
have  been  going  on  since  the  beginning,  or,  at  least,  sinoe 
a  time  when  the  surface  was  ae  hot  as  the  interior.  Thus,  if 
we  reckini  backward  in  time,  we  find  that  there  must  have 
been  inoi-e  and  more  lieat  in  the  earth  the  further  back 

■  we  go,  so  that  we  must  finally  reach  back  to  a  time  when 
it  was  so  hot  its  to  1>e  molten,  and  then  again  to  a  time 
when  it  was  so  liot  as  to  be  a  mass  of  fiery  vapor. 

■  The  second  fact  is  that  we  find  the  sun  to  be  cooling  off 
like  the  earth,  only  at  an  inenmparably  more  rapid  rate. 
The  sun  is  constantly  radiating  heat  into  space,  and,  so  far 
as  we  can  ascertain,  receiving  none  back  again.  A  small 
portion  of  this  heat  reaches  the  eartli,  and  on  this  portion 
depends  the  existence  of  life  and  motion  on  the  earth's  sur- 
face. The  quantity  of  heat  which  strikes  the  earth  is  only 
i''""t  nnnnsVifinnr  ^^  *^"'*'  which  the  sun  nuliates.  This 
fraction  expresses  tlie  ratio  of  the  apparent  surface  of  the 
earth,  as  seen  from  the  sun,  to  that  of  the  whole  celestial 
ephere. 

Since  the  sun  is  losing  heat  at  this  rate,  it  must  have  had 
more  heat  ye8tcrda3'than  it  has  to-day  ;  more  two  days  ago 
than  it  had  yesterday,  and  so  on.  Thus  calculating  back- 
M-ard,  we  find  that  the  further  we  go  back  into  time  the 
hotter  the  sun  must  have  l>eeu.  Since  we  know  that  heat 
expands  all  bodies,  it  follows  that  the  sun  must  have  been 
larger  in  pa-st  ages  than  it  is  now,  and  we  can  trace  back 
this  increase  in  size  without  limit.  Thus  we  are  led  to  the 
conclusion  tliat  there  must  have  been  a  time  when  the  sun 
liUed  up  the  space  now  occupied  by  the  planets,  and  must 
have  been  a  very  rare  mass  of  glowing  vapor.  The  plan-  fl 
ets  could  not  then  have  existed  separately,  but  must  have  " 
formed  a  jiart  of  this  mass  of  vapor.  The  latter  was  there- 
fore the  material  out  of  which  the  solar  eystem  wa« 
formed. 

The  same  process  may  be  continued  into  the  future. 

I -i 
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Since  the  sun  by  its  radiation  is  constantly  losing  heat,  it 
must  grow  cooler  and  cooler  as  ages  advance,  and  must 
finally  radiate  so  little  heat  that  life  and  motion  can  no 
longer  exist  on  our  globe. 

The  third  fact  is  that  the  revolutions  of  all  the  planets 
around  the  sun  take  place  in  the  same  direction  and  iu 
nearly  the  same  plane.  We  have  here  a  similarity  amongst 
the  different  bodies  of  the  solar  system,  which  must  have 
had  an  adequate  cause,  and  the  rmly  cau^r  which  has  ever 
been  assigned  is  found  in  the  nebular  liy])othefii8.  This 
hypothesis  supposes  that  the  sun  and  planets  were  once 
a  great  mass  of  va]X)r,  ob  large  as  the  present  solar  system, 
revolving  on  its  axis  in  the  same  plane  in  which  the 
planets  now  revolve. 

The  fourth  fact  is  seen  in  the  existence  of  nebulse.  We 
have  already  Ht^ited  that  the  8i)eetroscope  shows  these  bodies 
to  be  masses  of  glowing  vapor.  We  thus  actually  see  mat- 
ter in  the  celestial  spaces  under  the  very  form  in  which 
tlie  nebular  hypothesis  supposes  the  matter  of  our  solar 
system  to  have  once  existed.  Since  these  masses  of  vapor 
are  so  hot  as  to  radiate  light  and  heat  through  the  immense 
distance  which  separates  us  from  them,  they  must  be  grad- 
ually cooling  off.  This  cooling  must  at  length  reach  a 
point  when  they  will  cease  to  be  vaporous  and  condense 
into  objects  like  stars  and  planets.  We  know  that  every 
star  in  the  heavens  radiates  heat  as  our  sun  does.  In  the 
case  of  the  brighter  stars  the  heat  radiateil  has  been  made 
sensible  in  tlie  foci  of  our  telescopes  by  means  of  the  thermo- 
multiplier.  The  general  relation  which  we  know  to  ex- 
ist between  light  and  radiated  heat  shows  that  all  the  stars 
must,  like  the  sun,  1)C  radiating  heat  into  space. 

A  fifth  fact  is  afforded  Ity  the  physiciil  constitution  of 
the  planet*  Jupiter  and  Saturn.  The  telescopic  examina- 
tion of  these  planets  shows  that  changes  on  their  surfaces 
arc  constantly  going  on  with  a  rapidity  and  violence  to 
which  nothing  on  the  surface  of  our  earth  <-an  compare. 
Such  operations  can  be  kept  up  oiJy  tlirough  the  ag|unci{  at 
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heat  or  some  equivalent  form  of  energy.  Bat  tt  tl 
taiice  of  JupUer  and  Saturn  the  rA\s  of  the  eon  are  el 
insufficient  to  produce  changes  so  violent.  We  are 
fore  led  to  infer  that  Jupiter  and  Saturn  most 
bodies,  and  ninst  therefore  be  cooling  off  like  th 
stars  and  ejirtlu 

We  are  thuB  led  to  the  general  conclnsion  that, 
as  our  knowledge  extends,  nearly  all  the  lK>dit«  ( 
universe  are  liot,  and  are  cooling  off  by  radiating 
heat  into  space.  Before  tlie  discovery  of  the  *'  con 
tion  of  energy,"  it  was  not  known  that  this  ndiat] 
volved  the  wasteof  asfmiething  which  is  necctsearilv  i 
in  supply.  But  it  is  now  known  tliat  Iieat,  motia 
other  forms  of  force  are  to  a  certain  extent  convert  ih 
each  other,  and  admit  of  being  expressed  as  qnantil 
a  general  something  which  is  called  eneryy.  We  ni 
line  the  unit  of  energy  in  two  or  more  ways  :  as  the 
tity  which  is  recjuired  to  niise  a  certain  weight  tbrti 
certain  height  at  the  surface  of  the  earth,  or  t<»  heat  a 
quantity  of  water  to  a  certain  temperature.  Ilo 
we  express  it,  wc  know  by  the  laws  of  matter  titat  a 
mass  of  matter  can  contain  oidy  a  certain  definite  in 
of  units  of  energy.  When  a  mass  of  matter  either 
oflE  heat,  or  causes  motion  in  other  bodies,  we  knol 
its  energy  is  being  expended.  Since  the  total  quant 
energy  which  it  conUiius  is  Unite,  the  process  of  rail 
heat  must  at  Icngtli  come  to  an  end. 

It  is  sometimes  supposed  that  this  eo«)ling  off  m 
merely  a  temporaiy  process,  and  that  in  tiritc  boom 
may  happen  l>y  which  all  the  bodies  of  the  Dniren 
receive  buck  nguin  the  heat  wliich  thcv  have  loet.  1 
founded  upon  the  general  idea  of  a  compensating  proa 
nature.  As  a  special  example  of  its  a])plication,  some 
siil>lK>.sed  tliat  tlie  planets  may  ultimately  fall  into  the 
and  thus  generate  so  mucli  heat  as  to  reduce  the  miii 
more  to  vapor.  All  these  theories  are  in  direct  op 
to  the  well-establifehed  law*  of  heat,  and  can  bo  j 
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only  by  some  generalization  which  shall  be  far  wider  than 
any  that  science  has  yet  reached.  Until  we  have  such  a 
generalization,  every  such  theory  foujidetl  upon  or  consist- 
ent with  tlie  laws  of  nature  is  a  necessary  failure.  All  the 
heat  that  could  be  generated  by  a  fall  of  all  the  planets  into 
tlie  sun  would  not  produce  any  change  in  its  constitution, 
and  would  only  hist  a  few  years.  The  idea  that  the  heat 
radiated  by  the  sun  and  stars  may  in  some  way  lie  collected 
and  returned  to  them  hy  the  mere  operation  of  natnntl  laws 
is  equally  uuteiiable.  It  is  a  fundamental  principle  of  the 
laws  of  heat  tliat  a  warm  body  can  never  aliforb  more 
heat  from  a  cool  one  than  the  latter  absorbs  from  it,  and 
that  a  body  can  never  grow  warm  in  a  space  cooler  tlian 
itself.  All  differences  of  tcm])erature  tend  to  etjualize 
themselves,  and  tlie  only  state  of  things  to  which  the  uni- 
verse can  tend,  under  its  present  laws,  is  one  in  which  all 
gpaco  and  all  the  bodies  contiiincd  in  space  are  at  a  uniform 
temperature,  and  then  all  motion  and  change  of  tempera- 
ture, and  hence  the  conditions  of  vitality,  mu.-t  cease.  And 
then  all  such  life  as  ours  must  cease  also  unless  sustained 
by  entirely  new  methods. 

The  general  result  drawn  from  all  these  laws  and  facta 
is,  that  there  was  once  a  time  when  all  the  bo<lies  of  the 
universe  formed  either  a  single  mass  or  a  number  of  masses 
of  iiery  vapor,  having  slight  motions  in  various  parts,  and 
different  degree*  of  density  in  different  regions.  A  grad- 
ual condensation  around  tlie  centres  of  greatest  density  then 
went  on  in  consequence  of  the  cooling  and  the  mutual  at- 
traction of  the  parts,  and  thus  arose  a  great  nmnber  of 
nebulous  masses.  One  of  these  masses  fonned  tlie  ma- 
terial out  of  which  the  sun  and  planets  are  8U])iK)8ed  to 
have  been  formed.  It  was  probably  at  first  nearly  glob- 
ular, of  nearly  equal  density  throughout,  and  endowed 
with  a  very  slow  rotation  in  the  direction  in  which  the 
planets  now  move.  As  it  cooled  off,  it  grew  smaller  and 
smaller,  and  its  velocity  of  rotation  increased  in  rapidity  by 
virtue  of  a  well- established  law  ol  mer'AvM\Sy»t^  ^e&w*^^  «^ 
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heat  or  some  equivalent  form  of  energy.  But  at  tie 
tance  of  Jupiter  and  Saturti  the  rays  of  tlie  euii  are  enti 
in.ufficient  to  pro<luce  changes  so  violent.  We  are  tfal 
fore  led'  to  infer  that  Jupiter  and  Saturn  mofrt  bs 
bodies,  and  must  therefore  be  cooling  off  like  the 
stars  and  earth. 

We  are  tlnis  led  to  the  general  conclusion  that,  h> 
as  our  knowledge  extends,  nearly  all  the  )K>die8  of 
universe  are  hot,  and  are  cooling  «.»ff  by  radiating  t 
heat  into  space.  Before  the  discovery  of  the  "  coma 
tion  of  energy,"  it  was  not  known  that  this  n'-  --  - 
volved  the  waste  of  a  something  wliich  is  Tiecessii:  i| 

in  supply.  But  it  is  now  known  that  heat,  motion, 
other  forms  of  force  are  to  a  certain  extent  convertible 
each  otlier,  and  admit  of  being  expressed  as  quantitiut 
a  general  something  which  is  called  energy.  We  may 
fine  the  unit  of  energy  in  two  or  more  ways  :  as  the  iji 
tity  which  is  required  to  raise  a  certain  weight  tiiruiu 
certain  lieight  at  the  surface  of  the  earth,  or  tu  heat  a  git 
quantity  of  water  to  a  certain  tenqKiraturc.  llowai 
we  express  it,  we  know  by  the  laws  of  matter  that  a  git 
muss  of  matter  can  contain  only  a  certain  definite  nam 
of  imits  of  energy.  When  a  mass  of  matter  either  git 
off  lieat,  or  causes  motion  in  other  bodies,  we  know 
its  energy  is  being  expended.  Since  tlie  total  quantity 
energy  which  it  contains  is  finite,  the  process  of  nuiiatj 
heat  must  at  length  come  to  an  end. 

It  is  sometimes  supposed  fliut  this  co«»Hng  oflf  mar 
merely  a  temporaiy  process,  and  that  in  time  suinetiii 
may  happen  by  which  all  the  bodies  of  the  univeree  t 
receive  back  again  the  heat  wliidi  they  have  lost.  Tlii 
founded  upon  the  general  idea  of  a  compensating  proceat 
nature.  As  a  special  example  of  itsnpjilication,  sonie  h4 
supposed  tliat  tlie  planets  may  ultimately  fall  into  the  ai 
and  tlnis  generate  so  mucli  heat  iis  to  reduce  the  son  oi 
more  to  vapor.  All  these  theories  are  in  direct  oppositj 
to  the  well-established  laws  of  heat,  aud  can  be  jnatifl 
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only  by  some  generalization  wliich  shall  be  far  wider  tliaii 
any  that  science  has  yet  reached.  Until  we  have  such  a 
generalization,  every  such  theory  founded  upon  or  consist- 
ent with  the  laws  of  nature  is  a  nece*isary  failure.  All  the 
heat  that  could  be  generated  by  a  fall  of  al!  the  planets  into 
the  sun  would  not  produce  any  change  in  its  constitution, 
and  would  only  last  a  few  years.  The  idea  that  the  heat 
radiated  by  the  sua  and  stars  may  in  some  way  be  collected 
and  returned  to  them  by  the  mere  operation  of  natund  laws 
is  equally  untenable.  It  is  a  fundamental  j)rinoi]ile  of  the 
laws  of  heat  that  a  warm  body  can  Tiever  absorb  more 
heat  from  a  oool  one  than  the  latter  absorlKS  from  it,  and 
that  a  body  can  never  gruw  warm  in  a  space  cooler  than 
itself.  All  differences  of  temperature  tend  to  equalize 
themselves,  and  the  only  state  of  things  to  which  the  nni- 
verse  can  tend,  under  its  pr&«ent  laws,  is  one  in  which  all 
space  and  all  tho  bodies  contained  in  space  are  at  a  uniform 
temperature,  and  then  all  motion  and  change  of  tempera- 
ture, and  hence  the  conditions  of  vitality,  mutt  cease.  AihI 
then  all  such  life  as  ours  must  cease  also  unless  sustained 
by  entirely  new  methods. 

The  general  result  dniwn  fron>  all  these  laws  and  facts 
is,  that  there  was  once  a  time  when  all  the  bodies  of  the 
universe  formed  either  a  single  mass  or  a  number  of  masses 
of  tiery  vapor,  having  slight  motions  in  various  parts,  and 
different  degrees  of  density  in  different  regions.  A  grad- 
ual condensation  arotuiJ  the  centres  of  greatest  density  then 
went  on  in  consequence  of  the  cooling  and  the  mutual  at- 
traction of  the  parts,  and  thus  arose  a  great  number  of 
nebulous  masses.  One  of  these  masses  formed  tlie  ma- 
terial out  of  which  the  sun  and  planets  are  suj^posed  to 
have  been  formed.  It  was  probably  at  tirst  nearly  glob- 
ular, of  nearly  equal  density  throughout,  and  endowed 
with  a  very  slow  rotation  in  the  direction  in  which  the 
planets  now  move.  As  it  cooled  off,  it  grew  smaller  and 
smaller,  and  its  velocity  of  rotation  increased  in  rapidity  by 
virtae  of  a  well-established  law  of  mechanics,  known  as 
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that  of  the  conservation  of  areas.  According  to  this 
•whenever  a  system  of  particles  of  any  kind  whatever, 
16  rotating  iiruuudan  axis,  changes  its  form  or  anmngel 
by  virtue  of  the  mutual  attractions  of  its  parts  amoDff  t 
selves,  the  sain  of  all  the  areas  described  by  each  pai 
around  the  centre  of  rotation  in  any  unit  of  time 
constant.     This  sura  is  called  the  anolar  velocity. 

If  the  diameter  of  the  mass  is  reduced  to  one  half, 
posing  it  to  remain  spherical,  the  area  of  aiir  plane 
through  its  centre  will  be  reduced  to  one  fourth,  bei 
areas  are  proportional  to  the  sfiuares  of  tlie  diatofl 
In  order  that  the  areolar  velocity  may  tlien  be  the 
as  before,  the  mass  jnust  rotate  four  titiics  as  fast. 
rotiiting  mass  we  have  describeil  must  have   had  an 
around  which  it  rotated,  ami  therefore  an  equator  da 
as  being  everywhere  90°  from  this  axis.      In  oonseqa 
of  the  increase  in  the  velocity  of  rotation,  the  oentrifi 
force  would  also   be  increased  lus  the  wvuse,  grew  ania 
This  force  varies  as  the  radius  of  the  circle  describedj 
the  particle  multiplied  by  the  square  of  the  angular  velod 
Hence  when  the  masses,  being  reduced  to  half  the  mfl 
rotate  four  times  as  fast,  the  centrifugal  force  at  the  e« 
tor  would  be  increased  \  X  4',  or  eight  times.      The  gr 
tatiou  of  the  mass  at  the  surface,  being  inverselr  as 
square  of  the  distance  from  the  centre,  or  of  the   nwl 
would  be  increased  four  times.     Therefore  as  the  ma 
continue  to  contract,  the  centrifugal  force   increases  i 
more  rapid  rate  tlian  the  central  attraction.      A  time  wo 
therefore  come  when  they  would  balance  each  other  at 
equator  of  the  mass.     The  mass  would  then  cease  to  o 
tract  at  the  equator,  but  at  the  poles  tliere  would  b« 
centrifugal  force,  and  the  gravitation  of  the 
grow  stronger  and  stronger.   In  consequence  the  mass 
at  length  assume  the  form  of  a  lens  or  disk  very  thin  in 
portion  to  its  extent.     The  denser  portions  of  thia 
would  gradually  be  drawn  toward  the  centre,  and 
more  or  \e8a  fto\\^¥io^\4^  \Nxe  -^xoosm  ^>1  <aaKiVva^      A 
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would  at  length  be  reached,  when  solid  particles  would  begin 
to  be  formed  throughout  the  whole  disk.  These  would  gnid- 
nally  condense  around  eat^h  other  and  form  a  single  planet, or 
they  might  break  up  into  email  muiwes  and  form  a  group  of 
planets.  As  the  motion  of  rotation  would  not  be  altered 
by  these  processes  of  condensation,  these  planets  would  all 
be  rotating  around  the  central  part  of  the  mass,  which  is 
supposed  to  have  condensed  into  the  sun. 

It  is  supposed  that  at  first  these  planetary  masses,  being 
very  hot,  were  composed  of  a  central  mass  of  those  sub- 
stances which  condensed  at  a  very  high  temperature,  sur- 
rounded by  the  vapors  of  those  substances  which  were 
more  volatile.  We  know,  for  instance,  that  it  takes  a  much 
higher  temperature  to  reduce  lime  and  platiinitii  to  vapor 
than  it  dcKJS  to  reduce  iron,  zinc,  or  magnesium.  There- 
fore, in  the  original  planets,  the  limc«  and  eartlis  would 
condense  1-  it,  while  many  other  metals  would  still  be  in  a 
state  of  vapor.  The  planetary  masses  would  each  be 
affected  by  a  rotation  increasing  in  rstpidity  as  they  grew 
smaller,  and  would  at  length  fonn  masses  of  melted  metals 
and  vajxjrsin  tliesame  way  as  the  larger  mass  out  of  which 
the  sun  and  planet*  were  formed.  These  masses  would 
then  condense  into  a  planet,  with  satellites  revolving 
around  it,  just  as  the  original  mass  condensed  into  smi  and 
planets. 

At  first  the  planets  would  he  so  hot  as  to  be  in  a  molten 
condition,  each  of  them  ]>robably  shining  like  the  sun. 
They  would,  however,  slowly  cool  off  by  the  radiation  of 
heat  from  their  surfaces.  So  long  as  they  remained  liquid, 
the  surface,  as  fast  as  it  grew  cool,  would  sink  into  (im  in- 
terior on  account  of  its  greater  specitic  gravity,  and  its 
place  would  be  taken  by  hotter  material  rising  from  the 
interior  to  the  surface,  there  to  cool  off  in  its  turn.  Tliere 
would,  in  fact,  be  a  motion  something  like  that  which  occurs 
when  a  pot  of  cold  water  is  set  upon  the  lire  to  boil. 
Whenever  a  mass  of  water  at  the  bottom  of  the  pot  is 
lieated^  it  rises  to  the  surface,  and  t\ve  wjoV  >«'»»*«  vansH** 
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down  to  take  its  place.  Thns,  on  the  whole,  bo  long 
the  planet  remained  liquid,  it  woald  cool  oflf  apt 
throughout  its  whole  mass,  owin^  to  tlie  constant  moci 
from  the  centre  to  the  cireumfereiiee  and  back  again, 
time  would  at  length  arrive  when  uianv  of  the  earthi 
metals  would  begin  to  solidify.  At  first  the  solid  putk 
would  be  carried  up  and  down  with  the  Uquid.  A 
would  finally  arrive  when  tbey  would  become  so 
and  numerous,  and  the  liquid  part  of  tlie  general 
become  so  viscid,  that  the  motion  would  be  obetmdl 
The  planet  would  then  begin  to  solidify.  "I^^^o^l 
have  been  entertained  respecting  the  process  of  ao^H^ 
tion. 

According  to  one  view,  the  whole  surface  of  the  pM 
would  solidify  into  a  continuous  crust,  an  ice  fornw 
pond  in  cold  weather,  while  the  interior  was  still  ia 
molten  state.  The  interior  liciuid  could  then  no  Ioii| 
conio  to  the  surface  to  cool  otT,  and  could  Iuim;  no  hi 
except  what  was  conducted  through  tliis  crust.  Hei 
the  subsequent  coohng  would  be  nmch  slower,  and 
globe  would  long  remain  a  mass  of  lava,  covered  over 
a  comparatively  thin  eoUd  crost  Uke  tliat  uii  which 
live. 

The  other  view  is  that,  when  the  cooling  attained  a  cei 
tain  stage,  the  central  portion  of  the  ^lobe  wonld 
solidified  b^'  tlie  enormous  pressure  of  the  superincnmbfll 
portions,  while  the  exterior  wajB  still  tluid,  and  that 
tlie  solidification  would  take  place  from  the  centre 
ward. 

It  is  still  an  nnscttled  question  whether  the  earth  b 
solid  to  its  centre,  or  wliether  it  is  a  great  globe  of  molt<il 
matter  with  a  comparatively  thin  crust  Astronomera 
physicists  incline  to  the  former  view  ;  geologists  to  tk 
latter  one.  Whichever  view  may  be  correct,  it  appeal 
certain  that  there  are  great  lakes  of  lava  in  the  intoril 
from  which  volcanoes  are  fed. 

It  must  be  uix<\&t%'U>cA  \Xvax  >^&a  xvijcivAvc  IsL'^^oUuMta, 
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we  have  explained  it,  is  not  a  perfectly  established  scien- 
tific theory,  but  only  a  philosophical  conclusion  founded 
on  the  widest  study  of  natnre,  ami  pointed  to  by  many 
otherwi^  disconnected  facts.  Tlie  widest  generalization 
ciated  with  it  is  that,  so  far  as  we  can  see,  the  universe 
'is  not  self -sustaining,  but  is  a  kind  of  orgain'sm  wliich,  like 
all  otlier  orgauisuis  we  know  of,  innst  cotne  to  an  end  in 
consequence  of  those  very  laws  of  aetion  which  keep  it 
going.  It  must  have  had  a  beginning  within  a  certain 
number  of  years  which  we  cannot  yet  calculate  witli  cer- 
tainty, but  which  cannot  much  exceed  20,000.000,  and  it 
must  end  in  a  chaos  of  cold,  dead  globes  at  a  calculable 
time  in  the  future,  when  the  sun  and  stars  shall  have 
radiated  away  all  tlieir  heat,  unless  it  is  re-created  by  the 
action  of  forces  of  which  we  at  present  know  nothing. 
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